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THE NATURE OF METASOMATISM IN THE PROCESSES 
OF GRANITIZATION 


By PENTTI ESKOLA 
Finland 


ABSTRACT 


Several kinds of sedimentary and igneous rocks show gradual transition into granites in a manner indicating metaso- 
matism. Very common is the granitization of metamorphic rocks of argillaceous origin. They are mostly first converted 
into migmatites and successively into almost homogeneous granites with faint “ nebulitic” relict structures. The 
chemical change into ideal granite implies addition of SiO, and K,O and subtraction of (Fe,Mg)O. Quartzites are 
granitized by addition of all the oxides present in granite except SiO,. Thus the change would seem to be addition of 
the other oxides only, but the succession of the transitional types, beginning with veined quartzites, is best accounted for 
by the assumption that the added material was granitic magma and that some silica was carried away. Granitization of 
limestones is of rare occurrence and is a very complicated process in which certainly all the elements of granite except lime 
must have been added and in the net result lime subtracted. The final stage in this case also appears to have been reached 
by the mass action of granitic magma which soaked into the rock. Very clearly this has been the case in the granitization of 
older, mostly gneissose, igneous rocks of more basic composition, such as diorites. This is the most commonly observed 
case of granitization in the Archean and it can be followed by steps in the gradual transition series, microscopical 
observation as a rule indicating injection of granitic material, presumably as pore-magma, between the grains of the 
older rock. The final product, an ideal granite, appears to be deprived of most of its original Na,O, CaO, and (Mg,Fe)O. 
Characteristic of the metasomatic granitization is the constant occurrence of intermediate stages and of relict 
structures from earlier stages, whereas such features are entirely lacking in those granites that otherwise prove to have 
crystallized from liquid magmas, such as the rapakivi, the synkinematic differentiated intrusives (the ‘‘ urgranites ” of 
Sweden), or the graphophyric granites differentiated from dolerites. The fact that the bulk composition of such granites, 
whose magmatic origin is beyond any doubt, may be identical with that of granites derived from, say, sediments, is in 
itself a strong evidence for the notion that liquid magma has been the source of material in all cases. ; 
Though there are evidences of subtraction of material as well as of addition, so that the term metasomatism is justified, 
the change certainly has not occurred at constant volume, but swelling up into domes and upward intrusion have been 
invariable features in connection with granitization. This is what may be expected from our conclusion that the granitizing 
agent or ichor was granitic pore-magma pressed upwards or forwards in the earth’s crust during tectonic movements. 


rather limited range of variation that every petrologist will regard as especially typical of 

granites. The usual composition is characterized by potash predominant over soda, the 
analyses showing from about 5 to 7 per cent K,O and from 2 to 3 per cent Na,O. SiO, varies from 
about 68 to 75 per cent, CaO from 1 to 3 per cent. FeO, in maximum some 4 per cent, is invariably’ 
in excess over MgO. I propose to call rocks of such composition ideal granites. 


The genetic significance of the ideal-granitic composition will be revealed if we inspect the granitic 
rocks grouped according to their connection with the phases of orogeny and their genetic provenance, 
either magmatic or metasomatic. Among all Finnish intrusive rocks containing more than 68 per 
cent SiO, about a half are ideal granites, but in one tectonic group, the synkinematic (or synorogenic) 
granites, which are generally of purely magmatic origin, the ideal granites are very‘rare, whereas in 
all other groups, as we will see presently, the ideal granites are in overwhelming majority. 

Many dolerites, which are strictly anorogenic magmatic rocks, are cut by granitic veins, as a tule, 
graphophyric (granophyric according to the rather unfortunate term of Rosenbusch). Such felsic’ 
veins in the post-Jotnian olivine-dolerite in South-West Finland, near the contacts, are at many places 


apparently palingenic, crystallized from magma formed through selective anatexis of the adjoining 
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rock, which may be either Jotnian sandstone, rapakivi, or Archean migmatite. The palingenetic 
veins now appear as apophyses from the country rocks. In other instances similar veins are probably 
products of direct crystallization differentiation from the dolerite magma. Their composition 1s 
variable. Often they are highly sodic, sometimes of an alkaline character. In any case they are products 
of crystallization from liquid magma, and even a most ardent advocate of the metasomatic theory 
could hardly insist that in this case granitic rocks have originated in a metasomatic way. Yet they are 
frequently ideal-granitic in composition, as seen from analysis of a graphophyre from Sappi Island 
(analysis 1) in Gulf of Bothnia. 

The rapakivi rocks of Fennoscandia are postkinematic granites of mainly ideal-granitic composition 
(analysis 2). There is evidence of magmatic differentiation in the rapakivi provinces and the rocks are 
most typical magmatic rocks, as appears, among other things, from the absence of any relict features 
of earlier structures such as are characteristically present in metasomatic granites, and from the fact 
that they are connected with and show textural transition into effusive rocks, such as quartz-porphyries, 
of ideal-granitic composition (analysis 3). In any case they must have attained their composition 
before being emplaced. The rapakivi rocks thus represent the liquid line of descent in magmatic 
differentiation. 

The synkinematic granites also are purely magmatic rocks, but they belong to a richly differ- 
entiated series, beginning from basic oldest members. Variation diagrams constructed from any 
synkinematic intrusive series show all the characteristics of differentiation diagrams. The youngest 
members contain alkalies in variable proportions, in some provinces passing into soda-rich trond- 
hjémites, but more often into granites with intermediate feldspar proportions. Ideal-granitic composition 
may also be reached, though rarely (analysis 4). More often the variation diagrams indicate a trend 
towards the ideal granite, but the differentiation appears to have been arrested before the goal was 
reached. In all these cases the development of the chemistry of the rocks may be accounted for by the 
crystallization differentiation theory. The normal course towards ideal granite may have been diverted 
by some early event in the magmatic history, as by diffusion of water from invaded sediments in the 
case of trondhjémites, according to V. M. Goldschmidt; or by assimilation of foreign materials. 
Failure to reach the ideal-granitic composition may also have been due to deficiency of potash in the 
initial magma. 

So far I have spoken only of the genesis of granite by crystallization differentiation. This seemed 
appropriate in order to stress the fact to which I am now coming, namely, that the genesis of metaso- 
matic granite may lead to a rock chemically identical with magmatic granites. In fact the composition 
that I have termed ideal-granitic is still more common among granites of metasomatic origin. 

As mentioned above, truly magmatic granites representing end-products of differentiation are 
rather rarely ideal-granitic among the synkinematic intrusions. During detailed mapping in Finland 
in the last few years it has been repeatedly found that ideal granites in connection with these have been 
formed by the soaking of granitic material into more basic rocks. The change may often be followed 
in the form of gradual transition, beginning with injection or impregnation with narrow veinlets or 
simple grains of microcline and quartz, first filling the spaces between the older grains and eventually 
resulting in a complete replacement of all the constituents that do not belong to the ideal granite. 
The change shows all the features of metasomatism in its net result, that is to say replacement of Na, 
Ca, and (Mg,Fe) by K and Si. Although it may be chemically complete so as to obliterate the specific 
minerals of the more basic rock, like anorthite-rich plagioclase and hornblende, some textural features 
are usually left as relics, such as a gneiss-like arrangement of biotite in an otherwise unorientated 
granitic fabric. A certain veined appearance is also commonly present, indicating that the new 
material has invaded the rock along paths of least resistance (analysis 5). 

Among the best examples of granitization of synkinematic diorites are those found at the classical 
localities described by J. J. Sederholm in his studies on anatexis and palingenesis. Basaltic dikes have 
been intruded along fissures in diorite which has later been granitized and become intrusive anew, 
brecciating the basic dikes. The evidence is very convincing, as the change may be followed through 
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different stages. Where the diorite shows no trace of gtanitization, the metabasaltic dike remains 
intact. Following the dike into a granitized area one may observe first small apophyses of granite in 
the metabasalt, and finally there are just rows of inclusions left. Such phenomena are well illustrated 
by the sketch-maps that Sederholm has published in his memoirs. 


In my memoir of 1914 on the Orijarvi Region I described a synkinematic suite of intrusions, calling 
the most acid member of the series oligoclase-granite. In my description I mentioned that at a few 
places the oligoclase-granite passes over into reddish varieties richer in microcline, believing them to 
be the latest differentiates. At a revision of one of these localities last year I found, however, that here 
also metasomatic granitization has been at work. The red rock is ideal-granitic in composition and 
almost aplitic in texture, but it still shows an inherited parallel orientation of streaks of mica like the 
primary granodioritic rock. 


Analyses of Ideal Granites 


Magmatic Metasomatic 
Anorogenic Post-kinematic Synkine- Synkinematic Late-kinematic 
matic 
1 2 3 4 5 6 ii 8 

Grapho- Rapakivi Quartz- Granite- Granite- Matrix, Granite Granite 

phyre in porphyry gneiss gneiss orbicular 

dolerite rock 

Sappi Laitila Gulf of Liusvaara Ecker6é Kangas- Kakola Hango 
Bothnia niemi 

SiO, 74-99 70-42 72-46 71-84 74-17 74:54 73°56 71:75 
Al,O; 10:04 13-22 13-04 13-56 12-78 12:59 14-72 14-13 
Fe,O, 0:91 0-64 0:56 0°87 1-80 0-80 0-39 1-12 
FeO 2-44 3-74 2:55 1-37 0:59 1:44 0:75 1-13 
MgO 0:76 0-07 0:26 0:70 0:29 0:47 0-20 0:64 
CaO 0-48 AP] 0:72 1-16 0-74 1-06 0-83 1:59 
Na,O 3 
K,O 5 
TiO, 0 
MnO 
PO; 
H,O+ 
H,O— 


100-07 100-45* 100-05 99-63 ; 100-17 


* Total includes BaO, 0:13; ZrO,, 0-11; F, 0-46%. 


Illustrative examples of the granitization of more basic rocks like granodiorites, quartz-diorites, 
and quartz-monzonites are found in many orbicular rocks (called esboites, Eskola 1938). Their 
orbicules, of varying composition, though always containing zones mainly composed of oligoclase, 
are embedded in a palingenic ideal granite enclosing “ ghostly ” remnants of the more basic rock 
(analysis 6). There is ample evidence that the orbicules started to crystallize in the basic rock in a solid 
state at the same time as granitization set in, relics of the primary matrix being still preserved. 

Where the granitization of the synkinematic intrusives has been complete, the rocks are texturally 
like the late-kinematic (or late-orogenic) granites save for the presence of relict gneissose structures. 
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The late-kinematic granites in Fennoscandia are, in general, largely of palingenic nature. It was roe 
them that Sederholm developed his ideas of granitization, migmatization, anatexis, and palingenesis. 

Among the granites of the late-kinematic group one may find evidence of granitization of rocks 
of widely different types, such as the synkinematic intrusives mentioned above, acid volcanics, argil- 
laceous and arkosic sediments, and quartzites. Some authors in Finland nowadays use the word 
palingenetic granite almost as a synonym for late-kinematic. 

Probably best adapted to granitization are the residual sediments which, in metamorphic dress, 
appear as mica-schists or para-gneisses. Such pronouncedly schistose rocks are generally first changed 
into migmatites of the kind known as veined gneisses, consisting of newly introduced granitic or 
pegmatitic veins and gneissic schlieren representing the older portion of the rock. With progressive 
homogenization the gneissic schlieren become more and more confused, but they rarely disappear 
entirely. Even in the most homogeneous-looking granites of this kind there are * ghostly ’”? remnants 
of well-digested and assimilated older rock, now appearing in the form of vaguely orientated schlieren 
richer in biotite. 

Another important result of the detailed mapping in Finland is the recognition that cordierite- 
almandite-gneisses, or kinzigites, compose a great part of the Archean crustal rocks. In the Svecofen- 
nian territory of South-West Finland the kinzigites are invariably migmatized in the manner of veined 
gneisses, but their “‘ veins ’’ are mostly blind, lenses or patches, and the pegmatite material in them also 
contains cordierite or almandite. As this migmatite does not differ in its bulk composition from 
ordinary clayey sediments and as its gneissic portions sometimes show relict varve structures, the 
conclusion is close at hand that the veins have segregated from the rock itself with no addition of 
foreign material. Thus these migmatites represent venites, as defined by P. J. Holmquist, who 
explained them as products of ultrametamorphism with no injection of new magma. In fact, Holmquist 
had been led to that conclusion precisely by the study of similar kinzigites in the Stockholm region. 
Besides the venitic segregations there appear more sharply bounded longer veins of reddish pegmatite, 
often cross-cutting. In the migmatites of South Finland first studied by Sederholm such veins are more 
conspicuous than those in the kinzigites. Sederholm therefore concluded that the veins in migmatites 
were formed from new granitic magma injected into the rock from outside and he called such veined 
gneisses arterites. The years-long debate on this question between Sederholm and Holmquist resulted 
in the realization that both were right. Even in some kinzigite migmatites the addition of new material 
has been very great, as they may contain up to 90 per cent ideal-granitic material which is far above 
the amount that could be derived from the original clayey material. 


As is the general rule in migmatization, the kinzigites may also become perfectly homogenized 
into massive granites. A splendid example is the Kakola granite in the town of Turku in South-West 
Finland (analysis 7). Cordierite-rich migmatites are seen to grade over into granite containing 
disseminated lumps of cordierite and almandite. Analyses of the Kakola-granite differ from normal 
ideal granites only in having a slight excess of alumina which can be detected only by calculation. 
eae to Hietanen this analyzed rock contains 12-5 per cent kinzigitic and 87-5 per cent granitic 
material. 


The palingenic granites of widest distribution in South Finland seem to be derived from acid 
volcanics, or their metamorphic derivatives, leptites, or from arkosic sandstones. They include medium 


* Here I would like to add a remark about terminology. In his Meditations on Granite, H. H. Read says, that of 
the two terms anatexis and palingenesis.one is superfluous, and he would drop palingenesis. This sounds to me rather 
unexpected from Read. Palingenesis refers to rocks, and is a neutral term, whereas anatexis means re-fusion or remelting 
the term in itself being a manifestation of Sederholm’s altogether plutonistic standpoint, though it is quite true that ie 
was not at all consistent in the use of the terms. Thus rocks may be palingenetic after anatexis or any other process, e.g 
metasomatism, whereas only a magma can be anatectic. (H. H. READ, Meditations on.Granite, Proc, Geol “Aste 
54, 1943, p. 64; 55, 1944, p. 45:). ; ‘ 


Nay 
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and even-grained granites with “ ghostly ” relics, as the Hangé granite (analysis 8), and coarse-grained 
porphyritic granites of similar composition. 

Quartzites may become granitized in different ways. The commonest, or at least the one best 
known to me personally, is much like that of the mica-schists, the first stage being veined quartzite. In 
this the quartzitic schlieren are impregnated with feldspars at an early stage and the further develop- 
ment does not differ from that of the veined migmatites described above, the final product, as a rule, 
being ideal-granitic. It is a matter of course that, in cases where the original rock was pure quartzite, 
the granitic or pegmatitic veins must be altogether introduced material, i.e., the quartzite migmatites 
are true arterites. Such migmatites occur on a large scale within the Karelidic territory of North 
Finland. 

Among all common rocks the limestones are most resistant to granitization. In Finland it is an 
old experience that even in granite-invaded territories where all other rocks have succumbed to the 
migmatizing agencies the limestones remain intact. They are, moreover, capable of protecting their. 
nearest country-rocks, as the limestone layers are usually surrounded by layers of leptites. Granitic 
material comes into contact with the limestone only as cross-cutting dikes which surely are mechanical 
intrusions filling opened fissures rather than replacement veins. Only where limestone is first converted 


into skarn by pneumatolytic metasomatism may this eventually become granitized in the same manner 
as other basic silicate rocks. 


Skarn, however, is also very resistant to granitization, and it is on only a small scale that such 
changes can be detected. Lime-rich silicates, such as andradite or hedenbergite, are first converted 
into dark hornblende, which in turn alters into biotite which is eventually disseminated through 
introduced granitic material. The same is true of basic magmatic rocks like peridotites or gabbros. 


The chemical changes involved in granitization are of course always apparent in the net results. 
It has been supposed by the advocates of granitization by metasomatism in solid rock that only the 
elements or ions necessary in each case to transform the rock into granite have been added. Thus, in 
the granitization of quartzites all the granite elements except Si should have been added, in the case 
of limestones all but Ca, whereas clayey sediments would need only K and Si, or potassium silicate. 
As in one case one set of elements and in another case other elements are needed to transform a rock 
into granite, yet all rocks get what they need, it is for me hard to see why it should not be assumed 
that the granitizing agent has been granitic magma. It would seem from the above brief summary of 
the granitization of different rocks that the succession of events, as recorded by transitional types 
such as veined gneisses, is best accounted for by the assumption that this has been actually the case. 


Many authors have in the last few years advocated with great enthusiasm the idea that granites 
have been mainly formed by metasomatism in the solid state without magma or any liquid medium 
whatever. I would like in this matter to follow the words we find in Paul’s first Epistle to Thessalonians: 
“* Quench not the spirit. Despise not prophesyings. Prove all things and hold fast that which is good.” 
So I have tried to prove the said ideas. Being one of the first to assume metasomatism in silicate 
rocks without the mediation of magma I can hardly be blamed for predisposition against those ideas. 
So first I have to say that there are lots of good things in them. 


The metasomatic and antimagmatic theories of granitization have arisen as a reaction against the 
erystallization-differentiation theory which has been epoch-making for petrology, placing our science: 
for the first time upon a firm physico-chemical foundation. As in any human work there may be 
errors in the premisses or applications of this theory. It is wholesome that a system of thought should 
be vigorously shaken once in a while so as to prevent it from stiffening and becoming an obstacle to 
free progress. The history of geology offers numerous examples of dangers arising from canonization: 
of doctrines elaborated by eminent men who have led science upon new trails—we may only recall 
Werner or Rosenbusch. But the history of geology also provides almost as many examples of exaggera- 
tion and at last of similar dogmatism from the side of those who dared to break away from the 
authorities—here we may recall von Buch. 

Qi 


PART IIl: METASOMATIC PROCESSES IN METAMORPHISM 


So, I have tried to prove the modern, already very diversified, theories of metasomatic granitization 
and have become convinced that both things just mentioned are happening. It is out of question here 
to discuss all of them, most tempting as it would be, e.g., to scrutinize H. H. Read’s inspiring Meditations 
which, I think, is the most skilful and diplomatic apologia so far presented for the said theories. From 
amongst Read’s many aphoristic sayings I just want to pick up two which have bearing upon my 
present topic. 

One is Read’s statement that granites and basalts are different things. This, I think, is a true and 
fruitful idea, now ripe to be generally pursued. It is also consistent with experimental and geological 
data established since I published my paper on the origin of granitic magmas. The problem is 
connected with that of the origin of the Sial crust (Eskola, 1945). 

With the point of another frequently repeated aphorism in Read’s address, “* There are granites 
and granites’, on the other hand, I cannot agree, if he means that some granites have come into 
existence without the mediation of liquid magma, while others may be magmatic. Although the 
mechanism of granitization has been largely that of metasomatic replacement, yet it has been effected 
by the action of magma, and the conditions have been those of crystallization of residual liquids which, 
under ideal conditions of PTX, leads to an ideal granite, representing the lowest points of the solidus 
in the polycomponent system of the granite elements. Only thus can be understood the fact mentioned 
at the outset in this paper, namely, that the same composition results from both the primary magmatic 
and the metasomatic crystallizdtion. 

The problem is similar to that of metamorphic recrystallization: whether it has happened by means 
of reactions in the solid state or by the mediation of water. Reactions do take place in solids, but 
some water has been present during metamorphism, as hydrated minerals are generally formed. 
Water is an influential promoter of reactions. Why then deny its action? In the same way we know 
that quartz and feldspars and many other silicates can be formed without the action of magmas, 
e.g., by hydrothermal metasomatism; but we also know (a) that granites can be formed by crystalliza- 
tion from mutual silicate solutions, or magmas, and (5) that the solidus-temperatures of granites are 
somewhere below 600°C., i.e., within the range actually obtaining in those regions of the lithosphere 
where the highest grades of metamorphism pass over into anatexis and palingenesis of granites. 
According to the results of R. Goranson the end of the magmatic crystallization is rather sharp. After 
that the residual hydrothermal solutions mainly contain silicic acid that crystallizes in the form of 
quartz. In good accordance with this is what may be observed at any migmatite front: where mig- 
matites with granitic veins die out, the latter are succeeded by numerous quartz veins in the schistose 
rocks. Considerable quantities of non-volatile elements are contained in the residual aqueous solutions 
only in exceptional cases, in the presence of certain carriers, such as alkaline solutions with alkali 
silicates (water-glass), carbonic acid with bicarbonate solutions which may account for the formation 
of alkaline rocks in some cases, sulphur compounds, etc., giving rise to ore deposits, and other 
exceptional mineral assemblages, but they are probably of no concern in connection with the genesis 
of granites. 

If the temperature conditions obtaining during granite metasomatism were different from those 
of the solidus conditions of granitic magmas, the products could hardly be the same. Metasomatism 
means crystallization of those phases that are least soluble under the given conditions, e. g., in magnesia 
metasomatism. Magmatic crystallization of granites, again, means solidification of the residue in 
which the mutual solubility is realised at the lowest temperatures possible. This residue has, in a given 
system, a constant composition. It is this fact alone that makes it conceivable why the composition of 
the granites varies within such narrow limits as it does. 


My thesis is therefore that all granites are magmatic. It is, then, a matter of secondary interest 
whether the magma has been solidified directly or by metasomatic replacement of earlier rocks according 
to the law of mass action. 


It is not conceivable that huge homogeneous rock masses of granitic composition could be formed 
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through metasomatism by addition of elements in diluted solutions, or as atoms wandering in the solid 
rocks. In fact the apparent hydrothermal or pneumatolytic metasomatic rocks like skarns or cordierite- 
anthophyllite-rocks are just strikingly non-homogeneous. So are also acid silicate rocks of metaso- 
matic origin like sericitic ore-quartzites, or greisens near the tin-ore veins. Their composition is, 
moreover, irregularly variable and never approaches that of granites. Nor are the feldspar-bearing 
rocks formed by hydrothermal replacement with alkali silicates, apparent in numerous different cases, 
limited in their variation as are the ideal granites. Locally replacement frequently leads to almost 
monomineralic products. Sodium is the more mobile of the common alkali metals and soda metaso- 
matism produces many kinds of albite-rich rocks of irregularly variable composition, such as helsin- 
kites, fenites, adinoles, and spilites. The soda-extreme leptites and the soda-rich boundary varieties 
of many synkinematic granodiorite plutons are probably also products of soda metasomatism. Potash 
metasomatism is known from the sanidinites. Recently a very remarkable replacement of anorthite- 
rich plagioclase in basaltic volcanites has been described by W. P. De Roever from Celebes. The 
potash-extreme leptites of Sweden, often nearly monomineralic microcline rocks, have probably also 
been formed by potash metasomatism. 

As important evidence for the non-magmatic nature of metasomatism in granitization Read cites 
the occurrence of rapakivi ovoids in the country rock, and of big “‘ porphyroblasts ” of potash feldspar 
in schists, saying that therefore ‘‘ we must query the magmatic status of the rapakivi granite itself” 
as well as of porphyritic granites in general. These phenomena do not bother me in the least. Why 
could not big crystals grow out from the pore-magma permeating the rock? The physico-chemical 
controls, contrary to Read’s belief, do in fact “‘ operate also in the country rock environment exactly 
in the same way as they did in the consolidating magma ” (Meditations Il, p. 76). The country rock 
here takes no part in the reactions in the magma, it does not belong physico-chemically to the system 
in operation. 

Rapakivi being in question I would here like to refer to another feature of the rapakivi contacts 
where ovoids usually occur in the country rocks. I mean the zone of contact breccias or, as Wegmann 
terms it, ““ the agmatite front.’ In 1905, when I commenced my rapakivi studies, I made a sketch of a 
magnificent outcrop of such a breccia at the Laitila rapakivi contact. The adjoining gneiss has been 
broken into innumerable fragments which have been vigorously disturbed and turned into all possible 
positions. There can be no talk about quiet replacement, atom by atom, without disturbance of the 
old structure. This, of course, would not bother Wegmann or Backlund, and perhaps not Read. 
They could, also, refer to the breccias of the Rhine volcanic vents, investigated by Hans Cloos who has 
demonstrated that there have been no violent explosions and no eruptions of lava. The brecciation 
has been effected by placidly boiling steams only. But consider the contrast between the breccia and 
the rapakivi. The latter retains its typical texture up to the very contact and even in the breccia, 
showing that tranquility of structure which is so characteristic of the rapakivi, with no signs of the 
movement that is so strikingly manifested in the breccia. The rapakivi must have crystallized exactly 
at the place it now occupies. It is a postkinematic pluton. At such a contact, Hutton’s words quoted 
by Read (Meditations 1, p. 68) appear to be literally true: “ Without seeing the granite actually in 
fluid state, we have every demonstration possible of this fact: that is to say of granite having been 
forced to flow, in a state of fusion, among strata broken by a subterraneous force.” 

Finally a word must be said about the space problem in which the antimagmatists find one strong 
argument, insisting that granitization has normally occurred at constant volume. This has certainly 
not been the case. Swelling up into domes and vertical or horizontal intrusion are invariable features 
in connection with the granitization of older masses, as may be expected from our conclusion that the 
granitizing ichor was pore magma pressed upwards and forwards in the earth’s crust, normally in 
larger amounts than the materials expelled during the replacement. 

I believe that the physico-chemical foundation of petrology laid by Bowen, Niggli, Goldschmidt 
and others will last. Many of the advocates of the present day metasomatic school are likely to throw 
away the baby with the bath-water when wanting to eliminate magma or to replace it by something 
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that is beyond the possibility of experiment or observation. But I also believe that the spirit of this 
school will result in fair progress of our science when once its exaggerations are recognized and 


avoided. 


DISCUSSION 


Tue CHAIRMAN, A. Hotmges, said he was sorry to find himself in complete disagreement with his old friend Professor 
Eskola on the question of the capacity of granite-magma to bring about the phenomena of granitization. In the geological 
settings under consideration he would regard granite-magma—where there is reason to think that it has existed—as the 
culminating effect of granitization, and not as the cause of granitization. The difference of opinion between the schools 
of thought to which Professor Eskola and the speaker belonged was, he thought, fundamentally psychological in its 
origin and persistence. Professor Holmes said that as a student he had acquired a highly dogmatic belief in granite- 
magma, a belief entirely unsupported by evidence, but backed by a great weight of authority. Since then, in the light 
of his own experience and that of others, he had gradually abandoned the hypothesis that granite had resulted from the 
crystallization of magma. The difference between them was that Professor Eskola still retained the faith in which he had 
been brought up, whereas the speaker had completely lost that faith. 

Sir Lewis Fermor said that in his wide experience of the vast granitic tracts (often somewhat gneissose) of Peninsular 
India he had seen no reason to treat these granitic rocks as anything but the products of crystallization from intrusive 
magmas. But, accepting that some granites might have resulted from “‘ metasomatic ” replacement of other rocks, it was 
interesting to notice from Professor Eskola’s paper that in Finland the source of the replacing substances was to be 
regarded as liquid magma, presumably also of granitic composition. 

A study of the analyses of Professor Eskola’s ideal granites showed that in only one constituent was there any constant 
difference between his magmatic and his metasomatic granites, namely that in his three magmatic granites the total 
content of iron oxides was in each case greater than the total iron oxide content of the four metasomatic granites. The 
speaker wondered if this difference was accidental or significant. He wished also to note that those who spoke of 
‘** metasomatic ” granites did not appear to be using the term in its customary significance according to which the volume 
of the final product should be about equal to that of the rock or mineral replaced. 

Doris L. REYNOLDS said there were several questions she would like to ask Professor Eskola. As he had just told 
them, Fe, Mg and Ca were amongst the common constituents that were removed from rocks during granitization. How 
did Professor Eskola suppose that granite magma, which he considered to be the agent of granitization, was able to 
remove the Fe, Mg and Ca, and what did he think became of these constituents? 

Dr. Reynolds supposed that they would all agree that quartzite and limestone were amongst the rock types that were 
relatively resistant to granitization. If granite magma were the agent of granitization then ease of granitization must 
have depended on ease of penetrability. The bedding planes of pelitic rock types provided divisional planes along which 
such magma had been supposed to penetrate, and it was true that quartzites and limestones would split less easily in that 
way. But both quartzites and limestones were characteristically well jointed, and divided by other types of structural 
breaks, all of which would provide pathways along which granite magma might be supposed to penetrate. Why then, if. 
granitization depended on injection of granite magma, were quartzites and limestones so resistant to granitization? 

Professor Eskola appeared to regard the fact that each rock received just what it required to convert it to granite as 
a difficulty in the way of accepting solid diffusion as the mechanism whereby granitization was effected. It was, however, 
a fact that when pyroxene was converted to amphibole only those elements necessary for the change were fixed, and in 
that small-scale example of transformation, there could be no doubt that ions and not magma entered the pyroxene. 

P. E. Eskora in reply to Dr. Reynolds, said that quartzites, especially schistose varieties, were quite easily granitized, 
veins of granite being intruded and the veined quartzites eventually homogenized. Basic or ultrabasic plutonic rocks 
offered greater resistance against granitization and still more the limestones. That appeared to be due to their physical 
consistency, their relative impermeability to the granitic magma. 

To the second question of Dr. Reynolds: How to account for the removal of CaO, etc., if the metasomatism were 
caused by injected granitic magma, he replied that it is not possible to tell where those substances went when they 
disappeared, but the same was true regarding any kind of metasomatism which was controlled by the law of mass action. 

C. E. TILLEy raised the question as to whether there is a volume change during granitization. 

B. C. KiNG said that volume changes during granite emplacement appeared to relate more closely to tectonic environ- 
ment than to the possible consequence of granitization. Syntectonic bodies included, at the deepest levels, those—usually 
clearly of replacement origin—in which the comparative lack of displacement in the invaded rocks was reflected in the’ 
character of the abundant relic structures, as well as, at higher levels, those partly allochthonous masses in relation to. 
which upthrusting and lateral displacement of the adjacent rocks were commonly apparent. 

Post-tectonic bodies, among which were to be numbered the greatest batholiths, were in general sharply discordant to 
the invaded rocks. Since evidence from the most deeply eroded terrains suggested that bodies of such dimensions did not 
persist to the greatest crustal levels susceptible to direct observation, it was likely that the great batholiths were not. 
“ bottomless ” and only become “‘ integrated ”’ at higher levels. 
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Hypotheses of mechanical displacement of the pre-existing rocks, even by piecemeal stoping, were therefore regarded 
as untenable, so that even those bodies must have developed by replacement and without considerable volume change. 
Clearly in such cases space considerations preclude the possibility that a granite magma had been responsible for 
granitizing the pre-existing rocks. 

Detailed examination of the relations between complex networks of granitic veins and structures in the invaded 
rocks frequently demonstrated their development by a replacement, rather than a dilation-injection mechanism. 

P. E. EskoLa, in reply to Professor Tilley and to Dr; King, said that granitization in connection with orogenesis 
involved a very considerable increase of volume, diapiric doming and intrusion. Cases of granitization at constant 
volume were not known to him, but if it occurred, it might be as well accounted for by magmatic metasomatism as 


by any other kind of metasomatism. In general, the space problem was not by any means easier to account for from the 
hypothesis of metasomatism in the solid state, as the atoms required their space anyway. 


M. E. RouBAUuLt also spoke, saying that it was quite certain that there were metasomatic 


granites, and that the 
question that now arose was whether magmatic granites really existed or not. : 


THE ORIGIN OF THE SORMLAND GNEISSES 


By NILS H. MAGNUSSON 


Sweden 


ABSTRACT 


The veined gneisses of Sérmland in Central Sweden are more or less strongly altered Jeptites, slates and granites and 
we must assume a long and complicated history of the Sormland region preceding the metamorphism to veined gneisses. 
This alteration was caused by granitic emanations and solutions coming from deeper zones of the earth crust, where 
the palingenetic processes were stronger. Microscopical investigations and comparative studies of analyses from the 
region have shown that both the slates and the leptites, and even the old granites, have been altered in such a way that 
enrichment of the stablest constituents and impoverishment of the most soluble substances have taken place. We find a 
decrease of silica, alkalies and calcium and an increase of aluminium, iron and magnesium. In my opinion it is necessary 
to assume that granitic emanations and solutions soaked their way through the strongly schistose leptite-slate-granite 
complex, with its iron ores and limestones. In the roof of the veined gneisses the solutions have given rise to cross-cutting 
pegmatites and granites of the Fellingsbro- and Stockholm-types and to metasomatically formed mica-schists. 


N the province of Sérmland, in Central Sweden, veined gneisses are the predominant rocks. The 
present author has had opportunity of studying these rocks in connection with investigations of the 
iron ores of the Kantorp, Stav and Ask6 mines in the Western part of Sérmland and during a 

great many excursions in other parts of Sérmland and the neighbouring provinces. 

As in other parts of the iron ore-bearing region in Central Sweden the iron ores of the Kantorp 
district belong to the leptite formation: the oldest, supercrustal, “‘ Svionian ”’ formation we know 
from the Swedish Archean. This formation consists in its lower part of volcanic rocks, lava flows and 
dominating tuffs essentially of rhyolitic or keratophyric composition, with subordinate rocks of dacitic 
and andesitic composition. In Sweden these rocks are known as leptites and, where the rocks have 
dense groundmasses and are well preserved, as hilleflintas. The leptites are thus more or less meta- 
morphosed hilleflintas. 

The upper part of the leptite formation consists of true sediments, such as slates, greywackes, 
quartzites and conglomerates. These sediments belong, as we now know, to two different series, the 
Grythytte series and the Malar-Larsbo series, of which the latter seems to be somewhat younger than 
the former. 

The sediments of the Grythytte series were probably deposited in local basins during quiet con- 
ditions, grey and black slates being the dominating rocks. The sediments of the Malar-Larsbo series 
on the contrary show rapid fluctuations between coarse-grained and fine-grained rocks, and original 
sandstones, usually rich in feldspar, with more or less clay-material are here the dominating types. 
These sediments must have been deposited in and around an area of strong relief. 

In the province of Sérmland and around Lake Malaren the rocks of the Malar-Larsbo series are 
widely developed, surrounded on all sides by the volcanic rocks of the leptite formation. The Malar- 
Larsbo series in this region builds up a complex synclinorium, with the underlying leptites projecting 
as lobes into the synclinorium or appearing as lens-shaped areas in the inner part of the Malar-Larsbo 
series. 

Limestones appear both in the Malar-Larsbo series and in the subjacent leptite complex: sedi- 
mentary iron ores only in the leptites. 

The first regional metamorphism took place in connection with an intense folding of the originally 
horizontal layers and in connection with the intrusion of the old Archean granites that the Swedish 
geologists call “ urgranites,” the main mass of which was intruded during the folding. As a result of 
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the folding most of the rocks of the supercrustal formation and large parts of the “‘ urgranites * 
received a more or less marked schistosity. The ‘“ urgranites ” appeared in large masses and caused 
recrystallization of the supercrustal rocks and often also gave rise to new mineral associations in them. 
The normal leptites now got their granoblastic structure while the slates with sericite and chlorite were 
altered to crystalline schists with such high-temperature minerals as biotite, cordierite, garnet and 
andalusite. The limestones were altered to crystalline limestones, in England usually called marbles; 
and the quartz-banded hematite-ores were recrystallized and often partially or totally altered to 
magnetite ores. The banding has often disappeared in connection with the folding and the intrusion 
of the “ urgranites.”’ Where limestone or dolomite material had been deposited together with the 
quartz-banded iron ores, skarn-minerals, such as andradite, pyroxene and actinolite, resulted and all 


transitions exist between pure quartz-banded iron ores and skarn-ores with irregular magnetite con- 
centrations in the skarn-masses. 


By the action of solutions driven before the “‘ urgranite ’-front both skarn iron ores and quartz- 
banded iron ores are here and there partially or totally metasomatically altered to iron ores rich in 
MgO, with such minerals as anthophyllite, talc, forsterite, diopside, tremolite and so on. The sur- 
rounding leptites are contemporaneously altered to quartzites or mica-schists with such minerals as 
cordierite, andalusite, almandite and gedrite. This is the metasomatic alteration, usually known as 
magnesia-metasomatism, which has given rise to the sulphide ores of the Falun type. Often the above- 
mentioned metasomatic alteration to quartzites and mica-schists has regional extension, as for instance 
in the Riddarhytte field. 

The folded leptite formation, the rocks altered by magnesia-metasomatism and the “ urgranites ” 
are older than the greenstone dikes, the metadiabases, which intersect them all in great number. 

All the rocks and alteration processes named above are older than the transformation of the rocks 
of Central Sérmland into veined gneisses. Even the greenstone dikes, intersecting the “‘ urgranites,” 
have been altered together with the surrounding rocks. We must therefore assume a long and com- 
plicated history preceding this metamorphism, in essential features the same as in the central parts of 
the ore-bearing region of Central Sweden. 

The alteration of the rocks to veined gneisses must have been caused by a regional sinking, by means 
of which large parts of Central Sweden were lowered into the deep earth zones, where palingenetic 
processes were predominant. This sinking was caused either by orogenic or by epeirogenic movements. 
I think epeirogenic movements to be more probable. We have not found in the non-gneissic region 
surrounding the area of the veined gneisses such tectonic features as would be expected if the sinking 
had been caused by an intense folding. What we can state is that the parallel structures are always 
very steep (80°-90°) except in the curvangs of the layers, where the axes usually dip slightly (20°-30°). 
The steep dips of the parallel structures were caused by a strong tangential pressure but not by a new 
folding. I therefore think that the foldings are much older and that the strong pressure only caused a 
compression of the complex in one direction and a stretching out in another. The rock bodies existing 
before the alteration to veined gneisses were thus deformed and became more elongated. 

The deformation was in some degree plastic as regards the details, but the detailed structures do 
not force us to assume more intense foldings of the whole complex of the veined gneisses. 

The alteration to veined gneisses was caused by high temperature in connection with directed 
pressure and by emanations and solutions coming from deeper zones of the earth crust, where the 
palingenetic processes were stronger. 

The veined gneisses are characterized by an inhomogeneous structure with coarser pegmatitic 
veins. Here and there appear small gneissic but homogeneous fragments of the original rocks which 
have escaped the stronger alteration. In the transition zones between the veined gneisses and the 
central part of the ore-bearing region, where normal leptites and sediments are the characteristic rocks, 
one can follow the alteration and see the pegmatitic parts develop as small spots or strings, which 
become more and more numerous. In the veined gneisses the pegmatitic veins dominate the rocks. 
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Fic. 1.—Veined gneisses, cross-cutting pegmatites and Younger Svionian granites in Central Sweden. 


‘The whole mass of the rocks is usually recrystallized and pegmatitic. We can therefore also call the 
alteration process a pegmatitization. Among the homogeneous fragments in the veined gneisses we 
have leptites, sediments (slates and feldspar-bearing sandstones), “‘ urgranites,”” quartz-banded iron 
ores, skarn iron ores, and limestones. Among them the sediments and above all the slates seem to be 
most easily pegmatitized. Also the leptites are much more easily altered than the “ urgranites,” which 
from the very beginning were relatively coarse-grained. Best preserved are the basic, granodioritic 
and quartz-dioritic intrusives. Among the leptites the types rich in CaO are altered in a greater degree 
than those poor in CaO and the banded types in a greater degree than the more massive ones. 


The alteration can be considered as a metamorphic differentiation. The most soluble or fusible 
constituents have been segregated in the form of more or less irregular spots and veins. That these 
spots and veins received pegmatitic structure depended upon the emanations and solutions that must 
have soaked through the whole complex from the beginning of the alteration process. We have 
excellent proof for this opinion in the chemical alterations that can be demonstrated. Microscopical 
investigations, and comparative studies of nineteen analyses from the Kantorp district in the Western 
part of Sérmland, have shown that both the sediments and the leptites, and even the “ urgranites,”’ 
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have been altered in such a way that an enrichment of the stablest constituents and an impoverishment 
of the most soluble substances have taken place. We find a decrease of SiO,, Na,O, K,O and even 
CaO, and an increase of (Fe,Mg)O, Fe,O, and A1,O;. As this alteration has also occurred in the 
Slates, the increase of the last-named elements cannot be explained by a transport of material taken 
from the slates and the other sediments now available for our investigations. In my opinion it is 
necessary to assume that granitic emanations and solutions soaked their way through the strongly 
schistose leptite-sediment-granite complex with its iron ores and limestones. 


The veins, which can be regarded as metamorphic differentiates from the rocks themselves, show 
all transitions to more independent, larger, pegmatites and, by way of these, to the younger granites 
of the region. The pegmatitic veins, sweated out from the rocks themselves, naturally vary according 
to the original chemical composition of those rocks. The larger pegmatite-masses are more independent 
of the composition of the surrounding rocks and are usually rich in quartz and microcline. The same 
tendency is still more pronounced in the younger granites, which often appear as central bodies in the 
pegmatitized areas. The granitic emanations and solutions causing the metasomatic alterations have 
always preceded the larger masses of pegmatites and these preceded the granites, with the appearance 
of which the alteration was finished. It is perhaps unnecessary to point out that it is a question of 
three stages of the same process, and that these stages follow each other and are intimately connected. 


After the alteration process was essentially ended the pressure still continued and caused undulous 
extinction in the quartz grains of all the rocks of the region: the veined gneisses and the independent 
pegmatites as well as the younger granites. This gives us new proofs that the pegmatites and the 
granites originated during the alteration process that gave us the veined gneisses. The pegmatites and 
the younger granites are concentrated segregation products. The main mass has come from deeper 
parts of the earth crust. Partly, however, they may have come from the rocks now accessible for our 
investigations. It is consequently often difficult to determine whether we have larger segregations in 
situ or intrusions before us. 


The mineral constituents of the veined gneisses are: quartz, plagioclase (An,; — Ango), perthitic 
microcline and biotite in varying proportions, and together with these the characteristic A1,O3—rich 
minerals cordierite, almandite and sillimanite and, more rarely, andalusite. That such minerals should 
appear in the slates and the argillaceous sandstones is only natural; but they appear also in the leptites 
and the “‘ urgranites,”’ which rocks cannot normally give rise to them through metamorphism. In the 
slates and the sediments with slate-material graphite is rather general, especially in association with 
iron sulphides as sparse impregnations. 

By the action of the wandering granite solutions and emanations the limestones have been altered 
to rocks rich in skarn-minerals which appear in veins, “schlieren” and irregular spots. The usual 
skarn-minerals are here diopside, tremolite, forsterite, spinel and serpentine. 


The iron ores are more or less mixed with pegmatite material. In the Kantorp ores, for instance, 
all transitions appear between coarse-grained quartz-banded iron ores and even more coarse-grained 
ores consisting essentially of hematite, magnetite and feldspar. Quartz has been driven out and fixed 
in other parts of the deposit. In the skarn iron ores new skarn-minerals are mixed with the older ones 
forming a chaotic assemblage. 

The author has come to the conclusion that the sediments of the Malar series are the dominating 
rocks among the veined gneisses of supercrustal origin. N. Sundius on the contrary has recently 
expressed the opinions (1) that the veined gneisses of the Sérmland region have all originated from 
mafic leptites of voleanic origin; (2) that the A1,0,-rich minerals named above have come into existence 
through late-magmatic metasomatism, connected with the pegmatites; (3) that the pegmatites have 
come from the “ urgranites’’; and (4) that the pegmatites have no connection with the younger 
granites. Against these opinions it can be stated (1) that the “ urgranites 2g ates the region of the 
veined gneisses, are never followed by pegmatites; (2) that the “ urgranites ” are altered in the same 
way but not so strongly as the supercrustal rocks; and (3) that there is an intimate connection between 
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the pegmatitic spots and veins of the veined gneisses and the more independent, more intrusive peg~ 
matite masses, and that from these there are all transitions to the younger granites of the Stockholm- 


Fellingsbro types. 

The connection with the younger granites referred to becomes clearer if we study the outer zone 
surrounding the central part of the Sérmland area on all sides. In this outer zone the pegmatites 
become more and more sharply bounded; they intersect the older rocks in all directions and the 
younger granites appear as more and more rounded massifs cutting the older structures, whereas the 
pegmatite and younger granite masses in the central zone have diffuse boundaries and are orientated 


parallel to the schistosity of the veined gneisses. 

The cross-cutting pegmatites and granites in the outer zone must be considered as material that has 
passed through the central zone of the veined gneisses, loosening and assimilating material from these 
rocks. In the pegmatites of the outer zone we can often find such minerals as tourmaline, beryl, orthite 
and apatite, and in the iron ores cut by these pegmatites the same minerals also appear. The pegmatites 
are furthermore often followed by alterations of the leptites to mica-schists in which the same minerals 
are again enriched. 

In the intrusion zone outside the central area of the veined gneisses there are also sulphide impreg- 
nations clearly connected with the pegmatites and the mica-schists. In this zone, south, south-west, and 
south-east of the central area pyrite, pyrite-pyrrhotite, pyrrhotite, copper pyrite-cobaltite, and 
sphalerite-galena occurrences are found. These occurrences must either be new formations in con- 
nection with the processes that gave us the veined gneisses, or older occurrences removed and strongly 
altered by these processes. In the central zone there exist no sulphide occurrences worth mentioning, 
only sparse impregnation. In the intrusion zone in the roof of the central area on the contrary the 
concentration to real occurrences could take place. The concentration occurred in the relatively well 
preserved parts of the very irregular—from the metamorphic point of view—outer zone. Often we 
can see a zoning of the sulphide minerals against local migmatite fronts. Finally the iron ores of this 
zone are usually more or less impregnated with varying sulphide minerals. 


In the western parts of the ore-bearing region of Central Sweden, well preserved from the meta- 
morphic point of view, there exist rounded or more irregular bodies of younger granites of the 
Stockholm-Fellingsbro types, granites rich in microcline and quartz and surrounded by pegmatites 
often in broad zones. There are all transitions between these granites and pegmatites and the granites 
and pegmatites in the outer zone of the area of the veined gneisses, and I am convinced that these 
intrusions appear in an upper zone in the roof of the veined gneisses or, in other words, that veined 
gneisses appear in the depth beneath these intrusions, which are to be considered as “‘ diapires *” above 
a metamorphic zone characterized by veined gneisses. 


While the younger granites in the central part of the area of the veined gneisses are clearly gneissic 
and have very variable compositions, the granites outside this zone have more and more granitic 
structures and more and more homogeneous composition as we trace them from the inner, central 
zone outwards. The composition is approximately 70 to 75 per cent of feldspar and 20 to nearly 30 
per cent of quartz and very small amounts of other minerals; the feldspar consists of microcline and 
plagioclase in approximately equal amounts. Through assimilation of older rocks, however, the 
composition is often more or less changed and variable. In this way granites rich in biotite or horn- 
blende and with more calcic plagioclases have originated. Basic rocks (diorites and gabbros) connected 
with these granites are very subordinate and appear only in the uppermost zone. 


The pegmatites following the uppermost granites have given rise to scheelite-molybdenite occur- 
rences with subordinate sulphide minerals. Where the pegmatites have intruded limestones we find 
interesting occurrences with scheelite, molybdenite and sulphides in chaotic mixtures of pegmatite- 
and skarn-minerals, and remnants of limestone. In the iron ores the pegmatites have caused varying 
local alteration and have added new elements, such as Ti, W, Mo, Sn, Ci;Psand-so. on, 

According to Sundius the process that gave us the veined gneisses involved an addition of material, 
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but he denies that a subtraction has also occurred. The facts presented above have been enough to 
convince at least the present author that the complex of the older rocks has acted as a“ filter ” holding 


back some elements and being permeable to others that could collect in different levels in the roof 
of the veined gneisses. |. See ee eae ; 


{ 


The solutions coming from the real palingenetic source beneath the zone of the veined gneisses 
must have had a granitic composition from the beginning. 


DISCUSSION 


J. S. Wess said he would be interested to hear Professor Magnusson’s views regarding the mechanism or mechanisms 
whereby the metasomatizing emanations traversed the country rocks. Did his experience lend particular support in 


favour of any particular mode of transport, for instance by percolating hydrothermal solutions, or by the solid diffusion 
of ions? 


N. H. MAGNussON : Both. 


THE TRANSFORMATION OF CALEDONIAN GRANODIORITE 
TO TERTIARY GRANOPHYRE ON SLIEVE GULLION, 
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ABSTRACT 


The rocks of the Slieve Gullion area, regarded as a whole, represent the deeply denuded relics of a Tertiary volcano 
that was in general form closely comparable to the modern volcano of Niuafoou Island, in the south-west Pacific. Like 
Niuafoou it had a caldera occupied by a lake, with an arcuate line of vents outside the caldera rim. The site of the 
caldera is now outlined by a ring-dike, composed of granophyre and to a lesser extent of felsite, which has been made 
familiar by Dr. Richey. Within the caldera pillow-lavas were erupted, followed by explosion breccias composed of 
Caledonian granodiorite, this volcanic pile being subsequently injected by many thick dolerite sills. Relics of these 
rocks are now preserved on Slieve Gullion, which rises from the centre of the area enclosed by the ring-dike. 

The purpose of this communication is to describe a spectacular sequence of changes whereby Caledonian granodiorite, 
‘associated with this Tertiary volcano, has been converted to typical Tertiary granophyre. The imitial stages of trans- 
formation appear within the solid granodiorite as the volcanic pile of Slieve Gullion, now downfaulted into the main 
conduit within the caldera, is approached. More advanced stages of transformation are found within layers of explosion 
breccia that form definite horizons on Slieve Gullion. 

The details of the transformation are traced both as they appear in the field and under the microscope, and the 
perfection of the transition is illustrated by nine chemical analyses which when plotted form a regular variation diagram 
extending from Caledonian granodiorite to Tertiary granophyre. 


I. GEOLOGICAL SETTING 


“JT ‘HE Slieve Gullion area, as is already well known from Dr. Richey’s work (1932), is characterized 
a by a spectacular ring-dike composed of granophyre and to a lesser extent of felsite. This ring- 

dike, which forms a well-marked circle of hills, conforms in a remarkable manner with the 
margin of the western end of the Newry complex, the country-rock enclosed by the ring structure 
thus being granodiorite of Caledonian age. Associated with the outer side of the south-western felsitic 
portion of the ring-dike is an arcuate line of vents filled with explosion breccias, tuffs, and basaltic 
and trachytic lavas. The explosion breccias are composed mainly of rounded blocks of Caledonian 
granodiorite, or of smaller fragments of the granodiorite embedded in a matrix of finely comminuted 
material. 

Within the ring-structure rocks of Tertiary age form the eminence of Slieve Gullion and two 
smaller hills to the south-east near Flurrybridge. The hills carved from these Tertiary rocks rise from 
flat, low-lying and not uncommonly marshy country formed by the Caledonian granodiorite. Slieve 
Gullion, which rises steeply to a height of 1,894 feet from about the middle of the area, has a distinct 
terraced topography on its western side. 

Before the present investigation was begun two years ago the Tertiary rocks within the area 
enclosed by the ring-dike were regarded as plutonic intrusions of gabbro, granophyre and intermediate 
rock varieties. This recent work, however, has revealed the fact that the rocks of Slieve Gullion are 
in reality the much altered relics of a Tertiary volcanic pile that has been downfaulted and neatly 
inset into the Caledonian granodiorite. Slieve Gullion is built of a pile of gently dipping layers of rock. 
At its base are layers of basaltic rocks including pillow-lavas, and at higher levels there are layers of 
transformed Caledonian granodiorite. On account of their position above Tertiary lavas, the latter 
can only be interpreted as explosion breccias allied to those within the vents outside the ring-dike. 
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There are also thick layers of granophyre and of aplitic granophyre at higher levels. Into this volcanic 
pile many dolerite (some gabbro) sills have been intruded, so that the hill is built largely of an assem- 
blage of gently dipping layers of volcanic rocks and sills cut through by a swarm of younger dolerite 
dikes. The two smaller hills near Flurrybridge are separated from Slieve Gullion by a major fault 
that bisects the ring-dike and has a large westerly throw. The more westerly of these hills has a layered 
structure reminiscent of Slieve Gullion. The more easterly is a vent filled with great masses of basaltic 
and doleritic rocks, granophyre and Caledonian granodiorite. 

The rocks of the Slieve Gullion area, regarded as a whole, represent the deeply denuded relics of a 
Tertiary volcano that was closely comparable, in general form, to the modern volcano of Niuafoou 
Island in the south-west Pacific (Jaggar, 1931). Like Niuafoou the Slieve Gullion volcano had a 
caldera (now outlined by the ring-dike) occupied by a lake, as is evidenced by the presence of pillow- 
lavas; and, as on Niuafoou, the Slieve Gullion volcano had an arcuate line of vents outside the caldera 
rim from which basalts and explosion breccias were erupted. The rocks of the three Tertiary areas 
within the ring-dike occupy the sites of what were once the main conduits of the volcano. 

A full description of the area, which is being mapped on the six-inch scale, must be deferred to a 
future date. The purpose of the present communication is to describe a spectacular sequence of changes 
whereby the Caledonian granodiorite associated with this Tertiary volcano has been converted to 
Tertiary granophyre. The initial stages of alteration appear within the solid granodiorite which forms 
the sunken mass that floored the caldera and is now enclosed by the ring-dike. The change appears 
both as Slieve Gullion and as the more easterly of the hills near Flurrybridge are approached.* Further 
stages of alteration are exhibited by a gigantic block of granodiorite within the vent exposed on the 
more easterly of the hills near Flurrybridge. More marked changes still, culminating in a complete 
transformation to granophyre, characterize the granodiorite of the explosion breccias on Slieve Gullion 
itself. 

Granitization of geosynclinal rocks in an orogenic setting has received much attention in recent 
years, but the example of granitization that is here described is at present almost unique in that it 
has a kratogenic setting. The most marked transformation took place within rocks that formed part 
of the superstructure of a volcano, so that there can be no doubt that it was performed at a high level 
in the earth’s crust. The primary cause of the migrations of material that brought about the trans- 
formation of Caledonian granodiorite to Tertiary granophyre can hardly be other than volcanic heat 
transported to high levels through the agency of basaltic magma. Basaltic magma flowing upwards 
through the main conduits of the volcano was responsible for the changes now seen in the solid 
granodiorite as the hills of Slieve Gullion and Flurrybridge are approached. It was the combined 
heat of many dolerite sills injected into the volcanic pile, however, that brought about the complete 
transformation of granodiorite to granophyre within the layers of explosion breccia on Slieve Gullion. 


I]. THE TRANSFORMATION OF CALEDONIAN GRANODIORITE ADJOINING THE TERTIARY ROCKS 
WITHIN THE RING-DIKE 
(a) Varieties of Granodiorite —Within the area enclosed by the Tertiary ring-dike two varieties of 
Caledonian granodiorite are represented, the distribution of which has already been mapped (Reynolds, 
1944, Fig. 1, p. 209). One of these varieties is a little more basic than the other and in it hornblende is 
almost if not quite as abundant as biotite. This variety, as in previous publications, will be referred to 
as hornblende-granodiorite. In the other variety hornblende is only sparsely present, and may be 
absent; conformably with earlier descriptions this variety will here be termed biotite-granodiorite. 
On the western, i.e., the Slieve Gullion, side of the Camlough fault—a major fault that bisects the 
area—hornblende-granodiorite only is represented. On the eastern, i.e., the Flurrybridge, side of 
the fault both varieties of granodiorite are present within the area enclosed by the ring-dike, but at the 
one locality where granodiorite is exposed in close proximity to the Tertiary rocks of the Flurrybridge 
area it is the biotite-granodiorite that is concerned. 


* No exposures of granophyre have yet been found near the more westerly of the Flurrybridge hills. 
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Since both varieties of granodiorite have already been described in detail (Reynolds, 1944) it will 
be sufficient here to summarize some of their relevant characteristics. In both varieties plagioclase, 
‘with the bulk composition of oligoclase, is considerably more abundant than potash feldspar, and 
tends to be euhedral. The plagioclase commonly exhibits zoning of an oscillatory type in which zones 
\of andesine and oligoclase, with large optic axial angles, alternate; the outer zone never departs far 
from Anj,. ; 

In the hornblende-granodiorite potash feldspar is present in small amount only, and occurs inter- 
stitially. It is slightly perthitic and commonly shows a patchy extinction; rarely it exhibits the 
distinctive cross-hatch twinning of microcline. In the biotite-granodiorite the potash feldspar, perthitic 
microcline, forms large anhedral individuals enclosing plagioclase and biotite in poikilitic fashion. 
In both varieties the quartz occurs in glomerogranular groups; the hornblende is a common green 
‘variety; and the biotite, which is pleochroic from dull greenish brown to straw colour, is sometimes 
partially or entirely altered to chlorite. The accessory minerals are sphene, iron-ore, apatite, zircon 
and allanite. 

, (6) Caledonian Granodiorite adjoining the Tertiary rocks of Slieve Gullion.—Where the Caledonian 
_granodiorite is exposed in proximity to the Tertiary rocks of Slieve Gullion, and to the more easterly 
<of the two hills near Flurrybridge, it shows marked signs of alteration. It loses its bright lustre, and 
-assumes a brownish tint that contrasts strongly with its normal glistening white colour. To the north 
.and west of Slieve Gullion, where the granodiorite is relatively well exposed, this alteration extends to 
‘a distance of 900 feet or more from the contacts with the Tertiary rocks. 

-.. Microscopically the gradual transformation of the hornblende-granodiorite, as Slieve Gullion is 
‘approached, is highly spectacular. The first signs of change are shown by the hornblende and biotite 
which become speckled with or outlined by iron-ore. Towards the contacts with the Tertiary rocks 
this alteration becomes more and more marked, and finally the sphene also becomes rimmed with black 
‘iron-ore. At the same time the colour of the biotite changes from its normal dull greenish brown to 
‘the reddish colour characteristic of hornfelsic biotite. The hornblende shows an even more marked 
ichange, for its gradually becomes pseudomorphed by aggregates of small granules of a very pale 
.coloured monoclinic pyroxene. The nature of these changes suggests that they were effected in 
‘response to rising temperature, and that the adjustments necessitated an excretion of iron oxide from 
-both biotite and hornblende. 

Concomitantly with the progressive alteration of the hornblende and biotite, parallel-sided zones 
of potash feldspar, with a brown pigmentation, appear along the contacts between plagioclase and 
-quartz so that in section each quartz group is outlined by a brownish rim. At a distance of about 
900 feet from the Tertiary rocks these rims are exceedingly narrow, in fact so narrow that they could 
easily be overlooked. As the contact is approached, however, they progressively broaden until they 
are about 007mm. wide, when they present a very striking appearance (Plate I, Fig. 1). In any 
particular rock specimen the potash feldspar rims maintain an approximately uniform width. Although 
these rims margin the quartz groups they are actually formed at the expense of neighbouring oligoclase 
‘crystals. This is seen by inserting a gypsum plate and viewing the sections between crossed nicols. 
Each rim is formed of several individuals of orthoclase, and each individual conforms in extent and 
optical orientation with a neighbouring oligoclase crystal. Where potash feldspar adjoined the quartz 
groups within the initial rock it is now pigmented like the potash feldspar of the rims. | 

; Close to the contact with the Tertiary rocks fingering processes of potash feldspar extend from the 
rims into the quartz groups. Sometimes these fingering processes advance along the boundaries 
between quartz grains, but more commonly they actually penetrate into individual quartz grains. In 
‘the latter case there can be no doubt that quartz has been replaced by potash feldspar. 
| Granodiorite showing an advanced stage of development of the potash feldspar rims is well exposed 
on the western side of Camlough reservoir, a few yards north of the Tertiary granophyre that margins 
the northern end of Slieve Gullion. The actual contact is not exposed. In the rock from this locality 
potash feldspar rims with fingering projections into the quartz groups are well developed, and the 
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mafic minerals are also highly altered. The hornblende is largely replaced by pyroxene granules and 
iron-ore, and the biotite, which is speckled with iron-ore, has a reddish colour. The biotite, moreover, 
has either acquired a spongy texture, or has recrystallized as aggregates of flakes. Iron-ore is also 
associated with the sphene. 

The chemical analysis and norm of a typical specimen of this rock is recorded under 2 in Table I, 
and the chemical analysis and norm of a typical specimen of the hornblende-granodiorite of which 
it is the alteration product is recorded under 1 in Table I for comparison. Chemically the transformed 


TABLE I 
Chemical Analyses 
pt 2 3 4 5 
SiO, 63-22 65-68 64-92 66°93 
Al,O3 15-94 16-06 17°13 16:38 
Fe,O; 1-71 1-43 0:86 1-07 
FeO 2:56 2:62 3-15 2:36 
MgO 2:87 D227 2:16 1-88 
CaO 4-19 3-58 2°32 ; 3-02 
Na,O 3-88 3°86 4:04 4-02 4-12 
K,O 2°89 3-10 3-40 DSi 3-02 
H,O+ 1-04 0:34 0-67 0:60 
H,O— 0-38 0:09 0:18 0:14 
CO, trace none none none 
TiO, 0:88 0-57 0-72 0:59 
P.O; 0-29 0:31 0:26 0-24 
MnO 0-04 0:03 0-08 0:04 
99-89 99-89 99-89 100-14 
Normative Compositions 
1 2 3 4 
Q 16:57 20:03 19-11 22:80 
or 17-08 18-31 20-09 16-98 
ab 32-82 32-66 34-18 34-03 
an 17°55 15-72 9-84 13-38 
Cc : none 0:59 3-19 1-74 
CaSiO; 0:58 — = — 
if MS. 0-41 — — = 
FeSiO; 0:12 — -- — 
MgsiO, 6°74 553 5-38 4-68 
FeSiO, 1-79 2:74 4:04 2-56 
mt 2°48 2:08 1:25 1LOS) 
il 1:67 1-08 1:37 1:12 
ap 0:67 0:74 0:59 0-57 
water 1:42 0:43 0:85 0:74 
99-90 99-91 99-89 100-15 


1. Hornblende-granodiorite (1726). About 1,100 yards north-east of Cashel Bridge. Analyst, W. H. Herdsman. 
2. Hornblende-granodiorite (192), slightly transformed. Western bank of Camlough reservoir, a few yards north of 
the granophyre that margins the northern end of Slieve Gullion. Analyst, W. H. Herdsman. 

3. Micrographic granodiorite (73B). Upper horizon of transformed granodiorite, north-western side of Slieve 
Gullion. Analyst, W. H. Herdsman. t 

. Mccrographic granodiorite (4697). Upper horizon of transformed granodiorite, western side of Slieve Gullion. 

. Micrographic granodiorite (1541). Upper horizon of transformed granodiorite. South-western flank of Slieve 
Gullion, close to the end of the path from Drumintee. Analyst, W. H. Herdsman. 
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granodiorite is closely similar to the initial hornblende-granodiorite. It has a slightly higher K,0/Na,O 
ratio, and slightly higher total alkalies and silica than the hornblende-granodiorite, and the sum of 
total iron, MgO and CaO is a little lower. These differences are so slight that in themselves they could 
hardly be regarded as more than the normal variation that might be expected to obtain between any 
two specimens of the same rock. It will be shown, however, by reference to further examples, that 
increase in the K,O/Na,O ratio and/or in the percentage of total alkalies, with a concomitant increase 
in silica, and a gradual decrease in the cafemic constituents, is a persistent feature in the transformation 
of the granodiorite. Both from microscopic and chemical evidence it can therefore be accepted with 
confidence that the development of the rims of potash feldspar around the quartz groups, together 
with the alteration of the biotite and hornblende, represent not only a reconstitution of the original 
Caledonian granodiorite, but form the first link in a continuous chain of mineralogical and textural 
changes, involving introduction and fixation of K and Si, and displacement and removal of Fe, Ca, 
and Mg. If at this stage additional supporting evidence be required to show that the small increase 
in the K,O/Na,O ratio of the transformed granodiorite is of significance, then comparison can be 
made with the K,O/Na,O ratios of seven analyzed specimens of Caledonian granodiorite from the’ 
western end of the Newry complex (Reynolds, 1937, p. 258; 1941, p. 16; 1944, p. 212). Whereas the 
K,O/Na,0 ratio of the transformed granodiorite in question is 0-80, the K,O/Na,0O ratios for the seven 
analyzed specimens of normal granodiorite are: 0-76, 0-74, 0:74, 0:72, 0-68, 0-67, 0-54. Since the 
K,O/Na,O ratio for the transformed granodiorite is higher, and the percentage of K,O is greater 
than in any of the seven analyzed specimens of typical granodiorite, it can fairly be concluded that the 
alteration involved a slight increase of K,O. The amount of potash feldspar in the rims, however, 
appears to be greater than can be accounted for by a 0-2 per cent increase of K,O, and its growth 
probably depended in part on a supply of potassium liberated by the destruction of biotite. 

(c) Caledonian Granodiorite adjoining the Flurrybridge vent.—As the vent exposed on the more 
easterly of the Flurrybridge hills is approached the Caledonian granodiorite (biotite-granodiorite) 
becomes altered in exactly the same way as it does in the vicinity of Slieve Gullion. Here, however, 
the rims reach a slightly greater width, measuring about 1 mm. or a little more in breadth close to the 
contact (Plate I, Fig. 2). Every rim is composed of several units of potash feldspar, each conforming 
in extent and optical orientation with an adjoining crystal of plagioclase. This evidence, as in the 
previous example, indicates that the rims have been formed at the expense of plagioclase. Further 
evidence is found in some cases where small patches of plagioclase, in optical continuity with the 
marginal part of an adjoining plagioclase crystal, remain as isolated relics within the feldspar rim. 


Ill. FURTHER STAGES OF TRANSFORMATION OF CALEDONIAN GRANODIORITE WITHIN THE 
FLURRYBRIDGE VENT 


A more advanced stage of transformation characterizes the biotite-granodiorite which occurs as a 
gigantic block within the Flurrybridge vent. Although the granodiorite of the greater part of the 
exposed portion of the block is markedly transformed, a specimen collected 45 feet from its southern 
margin is remarkably little changed. The rock of this specimen is composed of glomerogranular 
Ps my He a eat and microcline, of which the former predominates; dull brown biotite 
partly altered to chlorite; epidote, and accessory apati iron- i i 
eat aigseltae p y apatite and iron-ore. The microcline encloses small 

As the southern edge of the block, which adjoins a doleritic rock of Tertiary age, is approached, th 
granodiorite shows a marked change; it loses its bright lustre, and distinct brownish rims a ans 
around the quartz groups. In microscope sections of a specimen collected about 30 feet from th ore 
of the block this change is highly spectacular. Every glomerogranular group of quartz is camps = 
zone of micropegmatite about 0:4 mm. wide, and each rim is remarkably uniform in width (Pl mal 
Fig. 3). The micropegmatite has resulted from the partial replacement of the peripheral zones f i 
quartz groups by potash feldspar. This is evidenced by the fact that the quartz of the micrope 4 i é 
sometimes still remains optically continuous with the adjoining quartz of the enclosed group ceoten 
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this is by no means always so, the quartz having commonly recrystallized. It is further evidenced by 
the presence of fingering processes of potash feldspar that extend from the inner side of the rims into 
the central quartz groups. These fingering processes of potash feldspar extend for a short distance 
into the quartz and then divide and follow rhombohedral planes. In this way narrow lanes of potash 
feldspar sometimes ramify through the central quartz groups, surrounding and isolating diamond- 
shaped sections of quartz, and thus transforming the quartz to micropegmatite. 

Within the transformed rock the microcline of the initial granodiorite is represented by untwinned 
potash feldspar which, like the microcline of the original rock, encloses small crystals of oligoclase. 
The feldspathic portions of the initial granodiorite, however, and more particularly the large oligoclase 
crystals, are now in part represented by confused aggregates of small plagioclase crystals, sometimes 
intricately intergrown with potash feldspar and/or quartz. The dull brown biotite of the initial 
granodiorite is represented within the transformed rock by compact or scattered aggregates of small 
orange-tinted flakes associated with black iron-ore. 

The alkalies of the least altered biotite-granodiorite collected 45 feet from the edge of the block, 
and of its transformed facies collected 30 feet from its edge, have been determined by W. H. Herdsman, 
and these together with the K,O/Na,O ratios are as follows :— 


Least altered granodiorite Transformed granodiorite from 


from block bleck 
1A @ Tas Se Anas ONE CEeC ERE Di) 5 Se ces nenuentcs 3-82 
IN as sere ome canner tases 45097 ca sonesente 3-90 
KEO/INas QO seecenanwsettanstanenecess OF72— * Seedcaeateee 0:98 


Both the K,O and the K,O/Na,O ratios are considerably higher in the transformed marginal facies 
than in the less altered granodiorite further within the block; they are also considerably higher than 
those of the transformed granodiorite from the northern end of Slieve Gullion (Table 1, No. 2, p. 23). 


IV. THE TRANSFORMATION OF CALEDONIAN GRANODIORITE TO GRANOPHYRE AT TWO 
HORIZONS ON SLIEVE GULLION 


Two horizons composed largely of Caledonian granodiorite (hornblende-granodiorite) occur 
within the volcanic pile of Slieve Gullion. The lower of these is about 20 feet thick, and the upper 
about 100 feet. Since these horizons overlie Tertiary pillow-lavas they can be interpreted only as 
explosion breccias of Tertiary age composed of blocks of Caledonian granodiorite that have become 
welded together, the breccias as a whole having acquired a rectangular jointing so that they now 
resemble the solid granodiorite. This is a not unusual feature of the explosion breccias within the small 
vents outside the ring-dike, but in these occurrences the outlines of the original blocks are still 
discernible. 

The granodiorite of the two horizons on Slieve Gullion is associated with finer grained granophyric 
rocks of Tertiary facies. Two of the latter types—micrographic adamellite and micrographic micro- 
granite—form the end stages of transformation of the Caledonian granodiorite. In order to keep this 
communication within the prescribed limit of length, however, consideration of these fine-grained 
rocks is left for a future paper. 

The Caledonian granodiorite of the two horizons on Slieve Gullion has an abnormally dull lustre, 
and on close inspection it appears as if its glomerogranular quartz groups and large plagioclase crystals. 
were set in a sparse brownish matrix. In thin sections the granodiorite presents very varied appearances 
of which only those that directly concern the subject matter of this paper need be described here. The 
variability in thin sections is in the main dependent on the degree of transformation towards or to 
granophyre undergone by the initial rock, and this varies from place to place. It should be stressed, 
however, that the various stages of change are only recognizable in microscope sections. Macro- 
scopically the rock has a very uniform appearance because the granophyre end-product of the 
transformation actually pseudomorphs the Caledonian granodiorite. 

The least transformed rock is illustrated by the thin section shown in Plate I, Fig. 4. The quartz 
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groups of the original granodiorite are here surrounded by broad rims of micropegmatite about 0:5 
to 0-8 mm. wide. These rims are commonly composed of two varieties of micropegmatite. One of 
these, resembling that already described from the Flurrybridge example, consists of diamond-shaped 
or irregular quartz individuals in association with roughly rectangular forms of potash feldspar. The 
quartz and feldspar of this implicate texture are of equal importance and size, neither acting as host 
to the other. This variety of micropegmatite adjoins the glomerogranular quartz groups from which, 
as in the Flurrybridge example, it can be seen to have developed. The other variety of micropegmatite 
occurs in the peripheral part of the rims, away from the central quartz groups. In it potash feldspar 
forms the host within which quartz either ramifies in a lace-like pattern or appears as parallel streaks; 
in both cases considerable areas of quartz are optically continuous. The host feldspars of this lace-like 
micropegmatite have been formed by replacement of the marginal part of the plagioclase crystals that 
originally adjoined the glomerogranular groups of quartz. The quartz that is now intergrown with the 
potash feldspar in micropegmatitic fashion is evidently “‘ quartz de corrosion.” 

By comparison with the less transformed granodiorite of the Slieve Gullion and Flurrybridge areas 
described in the preceding pages, the origin of the rims composed of two varieties of micropegmatite 
can be deciphered. It will be recalled that in the initial stages of rim development potash feldspar was 
formed by replacement of the marginal parts of plagioclase crystals where they adjoined quartz. In 
more advanced stages of alteration micropegmatite was then evolved, on the inner side of this initial 
rim of potash feldspar, by replacement of the central quartz groups. This would liberate silicon, and 
it seems very probable that it is this excess silicon that has invaded the potash feldspar of the outer 
tim and given rise to the fine-grained, regular, lace-like micropegmatite. Both the inner and outer 
micropegmatite zones are considerably broader than the corresponding micropegmatite and potash 
feldspar zones of the initial stages of transformation. In consequence the residual parts of the 
glomerogranular quartz groups are now much smaller in size, as a result of the encroachment upon 
them of the inner zone of micropegmatite. Similarly, the plagioclase crystals adjoining the outer 
margins of the zones of lace-like micropegmatite have become rounded in form and diminished in 
size with progressive replacement by the lace-like micropegmatite. | 

For ease of presentation the composite rims have here been described as though they always show a 
perfect development, with a complete inner zone of relatively coarse and somewhat irregular micro- 
pegmatite, and a complete outer zone of relatively fine lace-like micropegmatite. This, however, is by 
no means always the case. The outer zone of lace-like micropegmatite is commonly quite patchy in 
its development, forming an interrupted rim which sometimes branches out along the sides of neigh- 
bouring plagioclase crystals. In other examples the inner zone of somewhat crude micropegmatite is 
sometimes absent, its development appearing to have been inhibited by the growth of crystals of 
pyroxene along the margin of the quartz groups (Reynolds, 1937, Plate 22, Fig. 2). In spite of these 
variations, an examination of the rims around the residual quartz groups in many thin sections leaves 
no doubt that the general arrangement is one in which there is an inner zone of the crude micropegma- 
tite developed at the expense of quartz, and an outer zone of lace-like micropegmatite evolved from 
plagioclase. 

This is not the only way in which micropegmatite is formed from the original granodiorite. Large 
crystals of plagioclase that still retain their oscillatory zoning are sometimes ramified by “ quartz 
de corrosion ”’ and converted to a lace-like micropegmatite (Plate II, Fig. 7). Where such crystals 
oceur close to the rims around the quartz groups the quartz in these micropegmatitic oligoclase crystals 
is commonly optically continuous with the quartz of adjoining lace-like micropegmatite in the outer 
part of the rim. Optically continuous quartz thus cuts across from micropegmatite in which potash 
feldspar is the host into micropegmatite in which plagioclase is the host. 
mas nor zed pagiochse i sot ony convened to miso iti alo commonly 

ystals which are either unzoned, or exhibit an even 
zoning from a more calcic core to a more sodic rim. This transformation may affect the whole of the 
original crystal or be restricted to its core (Plate II, Fig. 8). 
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The biotite of the initial granodiorite is now represented either by aggregates of small reddish 
flakes commonly speckled with granules of iron-ore, or by ghost-like relics from which all trace of 
the original biotite has vanished except the cloud of iron-ore granules. Both hornblende and pyroxene 
are present. The hornblende is residual from the initial granodiorite, whereas the pyroxene has been 
newly evolved in response to rising temperature. Hornblende is sometimes almost completely 
‘pseudomorphed by aggregates of pyroxene granules. More commonly, however, the hornblende has 
disappeared and is now represented by small prismatic crystals of pale green pyroxene. Monoclinic 
pyroxene is the most common representative of this group, but hypersthene is sometimes also present. 

Where the granodiorite is even more strongly transformed the glomerogranular quartz groups of 
the initial rock have been completely replaced by the relatively coarse variety of micropegmatite. In 
thin section this micropegmatite now appears as discrete patches surrounded by more or less perfect 
tims of the relatively fine-grained lace-like micropegmatite (Plate I], Figs. 5, 6). Macroscopically the 
- rock is still recognizable as Caledonian granodiorite, but microscopically it is now Tertiary granophyre. 
If homogenization of the end-product had been attained, or if the various stages in its evolution had 
been less well preserved, the granophyre might have been assumed to have crystallized from granitic 
magma. Faced with the clearly displayed evidence of replacement it is, of course, easy to recognize 
that the mineralogical and textural associations within this particular granophyre are irreconcilable 
with crystallization of magma of eutectic composition. There is then perhaps a danger of concluding 
that there may be granophyres and granophyres. It is therefore important to recall that the granophyres 
of the Red Hills of Skye have much in common with the rock here described. Of them Harker (1904, 
p- 161) wrote: “In different specimens, and in different parts of one specimen, the micropegmatite 
differs in composition, in scale of magnitude, and degree of regularity, in manner of arrangement and 

relation to phenocrysts, etc. The component 

8 . minerals are usually orthoclase and quartz: less 

commonly oligoclase takes the place of the 
former.” 

In Table I the chemical analyses of two 
specimens of transformed granodiorite from the 
explosion breccia on Slieve Gullion, and the 
alkali determinations for a third, are recorded. 
These analyses show the rock to bea little richer 
in silica and total alkalies than the initial 
hornblende-granodiorite, and to have lower 
contents of iron oxides, MgO and CaO. The 
chemical change is surprisingly small, however, 
considering the drastic way in which the rock has 
been reconstituted. It is still a granodiorite, and 
in order to distinguish it from other more acid 
and more potassic granophyric rocks on Slieve 
Gullion it will be termed micrographic 
granodiorite. 

Text-fig. 1 shows graphically the fields of 
alkali ratios for the Caledonian granodiorite 
of the Newry Complex, the Tertiary acid rocks 
of Northern Ireland, and the various stages of 
No,0_, transformed granodiorite in the Slieve Gullion 


Tertiary 
acid rocks 


= Northern Ireland 


4:0 


=o Transformed 
granodiorite 


3-0 


Caledonian 
granodiorite of the 


1 
; Newry complex 


| 3.0 25 3-0 35 Tie as ne area. From the diagram it is apparent that in 

Fic. 1. : their alkali ratios the Caledonian and Tertiary 

- K,0-Na,0 diagram illustrating the transition from acid rocks are widely separated, the transformed 
- Caledonian granodiorite to Tertiary granophyre. rocks bridging the gap between them. 
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V. THE CAUSE OF THE TRANSFORMATION 

Outside the ring-dike there are two small gabbro plugs that probably once fed surface flows. One 
of these is situated to the south-west, and the other to the north of the ring-dike. As has already been 
described by the writer (Reynolds, 1937, 1941) the Caledonian granodiorite adjacent to both these 
plugs is transformed in a manner comparable with that described in the present paper. As the gabbro 
plug to the north of Camlough Mt. is approached the glomerogranular quartz groups of the Caledonian 
granodiorite become rimmed by narrow zones, 0-1 mm. broad, of micropegmatite (1937, p. 259, and 
Plate 22, Fig. 3). The micropegmatite is fine in grain, but has an irregular texture like that which 
replaces quartz in the Slieve Gullion rocks. As on Slieve Gullion the evidence in the Camlough 
occurrence indicates that the micropegmatite has formed as a result of the partial replacement of the 
peripheral zones of the quartz groups by potash feldspar. The exposures around the gabbro plug of 
Camlough Mt. are not good, so that it is impossible to gain any idea as to distance from the plug to 
which the transformation penetrates. In the Mullaghbawn occurrence narrow rims of felsite (com- 
monly spherulitic) appear around the quartz groups at a distance of 11 feet from the contact, and as 
the contact is approached they broaden until at a distance of 2 feet from the gabbro they are 0-34 mm. 
wide (Reynolds, 1941, Plate I, Figs. 2, 3, and 4). At the immediate contact the granodiorite is com- 
pletely reconstituted and transformed to craignurite. The rimmed rock away from the contact has 
been enriched in potash which can, at any rate in part, be accounted for as K displaced from the 
rock at the immediate contact with the gabbro. 

In the examples of rim development within the granodiorite adjoining the gabbro plugs of 
Mullaghbawn and Camlough there can be no doubt that the agent responsible for the transformations 
was basaltic magma now represented by the gabbro of the plugs. The gabbroic as distinct from a 
basaltic texture of the basic rocks provides some measure of the high temperature that was attained, 
and probably maintained for a considerable period. 

Now whereas there is this definite evidence within the area that basaltic magma has implemented 
the transformations under discussion, it is important to notice that no such transformations are shown 
by the granodiorite adjoining the granophyre-felsite ring-dike either on its inner or outer sides. The 
ancestry of the acid rocks of the ring-dike has still to be investigated, but if it be assumed that the rocks 
were emplaced as magma then it must be concluded that acid magma was incapable of bringing about 
these transformations. 

Within the area enclosed by the ring-dike the transformation of granodiorite adjoining and within 
the Flurrybridge vent can again be correlated. within the flowage of basaltic magma up the conduit, 
whilst on Slieve Gullion the transformation of granodiorite to granophyre within layers of explosion 
breccia is attributable to the emplacement of thick dolerite sills. In the upper horizon of explosion 
breccia granodiorite is transformed to granophyre throughout a thickness of 100 feet. This horizon 
is margined both above and below by basic sills 100 and 200 feet thick respectively, the gabbroic 
texture of the upper of which again testifies to the attainment and maintenance of a high temperature. 

In the light of the preceding evidence, the transformation of the granodiorite surrounding the 
almost horizontal piles of rock forming Slieve Gullion and the westerly hill near Flurrybridge is most 
satisfactorily explained by supposing that the layered rocks have been downfaulted into the main 
conduits of the volcano. The long-continued flow of basaltic magma up a wide conduit to the surface 
would account for the great breadth of the transformed zone—about 900 feet—around Slieve Gullion. 

Consideration of the source of the potash necessary for the transformation and the destiny of the 
displaced Fe, Mg, and Ca is deferred until the investigation of the area is completed. It is perhaps 
not out of place, however, to make some comment here on the selective way in which the Sei, 
feldspar rims of the initial stage of change, and the micropegmatite in the more completely transformed 
granodiorite, are restricted to the boundaries of the quartz groups. 

It has been demonstrated by Forsyth, King, Metcalfe, and Chalmers (1946) that the degree of 
growth of a second phase along the grain boundaries in single-phase alloys is correlatable with the 
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relative orientation of the crystals on either side of the boundary. Since it is reasonable to suppose 
that zones of atomic disorder, probably only a few atomic diameters in thickness, are present along 
crystal boundaries, and that the degree of this disorder will vary according to the relative orientation 
of the adjacent crystal lattices, the investigators concluded that the degree of growth of the second 
phase is dependent on such atomic disorders. 

These conclusions appear to have a direct bearing on the rim-formation described in this paper, 
the more so because zones of atomic disorder provide pathways for migratory elements. In the initial 
stage of transformation of the granodiorite (Plate I, Fig. 1), whereas there is no discernible growth of 
potash feldspar between adjacent plagioclase crystals, there is conspicuous development of potash 
feldspar along the quartz-plagioclase boundaries, that is, where the degree of atomic disorder may 
reasonably be supposed to have been considerably greater. As narrow rims of potash feldspar grew by 
replacement of these zones, further atomic disorder would develop concurrently on either side of the 
newly formed potash feldspar. Once the rims began to grow, their very growth would thus promote 
conditions conducive to further broadening, given an adequate supply of migratory potash. 
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DESCRIPTION OF PLATES 
PLATE I 


Fic. 1.—Granodiorite (192) with rims of potash feldspar around the quartz groups. Northern end 
of Slieve Gullion, west of Camlough reservoir. Ordinary light x 14. 


Fic. 2.—Granodiorite (338) with broad rims of potash feldspar around the quartz groups. 
Collected to the north of the Flurrybridge vent. Ordinary light x 14. 


Fic. 3.—Granodiorite (1622) with rims of micropegmatite around the quartz groups. Collected 
from the massive block of granodiorite (30 feet from the edge) within the Flurrybridge vent. Ordinary 


light x 14. 


Fic. 4.—Micrographic granodiorite (1617) from the upper horizon of transformed explosion 
breccia on Slieve Gullion. The quartz groups have rims of micropegmatite in which there is an inner 
irregular zone formed by replacement of quartz, and an outer zone of lace-like micropegmatite that 


has replaced plagioclase. Ordinary light x 14. 
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PLATE II 


Fic. 5.—Micrographic granodiorite (1541) from the upper horizon of transformed explosion’ 
breccia on Slieve Gullion. The quartz groups are replaced by patches of irregular micropegmatite 
which are rimmed by lace-like micropegmatite developed at the expense of plagioclase. Ordinary 


light x 14. ; ; 
Fic. 6.—Micrographic granodiorite, as in Fic. 5, showing the micropegmatite more highly 


magnified. The relatively coarse-grained irregular micropegmatite replaces a quartz group and is 
margined by finer-grained lace-like micropegmatite developed from plagioclase. In the upper left- 
hand corner a residual core of plagioclase is seen in relation to the replacement rim of lace-like 


micropegmatite. Ordinary light x 51. 
Fic. 7.—Micropegmatitic granodiorite (1526) from the upper horizon on Slieve Gullion showing 
the replacement of a crystal of sodic plagioclase, residual from the initial granodiorite, by “ quartz de 
corrosion,” with the consequent conversion of the plagioclase to micropegmatite. Crossed nicols < 22. 
Fic. 8.—Micropegmatitic granodiorite (76) from the upper horizon on Slieve Gullion showing 
the replacement of a zoned crystal of sodic plagioclase by small crystals of oligoclase. Crossed nicols 


Xe: 
DISCUSSION 


P. A, GEUER said that locally at the contacts of wide diabase dikes in the Swedish Pre-Cambrian they had encountered 
phenomena which were essentially identical with those just shown by Dr. Reynolds on the screen. Thus a gneissoid 
granite might be changed, within a width of a couple of metres from the contact, into a porphyritic rock with a micro- 
pegmatitic groundmass and carrying as “ phenocrysts ”’ the relict grains, mostly composite, of the granite’s quartz and 
feldspar. Quartz grains, still retaining their undulatory extinction, exhibited typical corrosion embayments. There was 
no reason to suspect any material chemical change. They had interpreted those phenomena as due to the heating effect 
of the diabase intrusion. Miss Callisen had described a similar occurrence on the Danish island of Bornholm. 

P. E. Eskoa said that Dr. Reynolds’ description of the gradual replacement of granodiorite by granophyre was 
most elucidating. In the Archean, granitization of granodiorites led to granitoid but never to granophyric textures, 
whereas granophyres were common at the contacts of hypabyssal post-Archzean (Jotnian) olivine-dolerites with Jotnian 
sandstones, rapakivis, and older migmatites. The granophyres formed small dikes and veinlets near the contact in the 
older rocks, but also in the dolerite itself. They had apparently crystallized from palingenic magma that had originated 
by partial or complete anatexis of the older rocks. Now, in the hybrid rocks near the contacts, where the magma was 
imbibed in the country-rock, they found gradual replacement of the older minerals by the granophyre minerals just as 
had been described by Dr. Reynolds. As those phenomena occurred in a zone influenced by liquid basaltic (doleritic) 
magma which, while liquid, had certainly temperatures far above the solidus of granites, they afforded an excellent 
evidence of granitization by means of anatexis, which meant re-melting. The evidence was the more convincing, as 
granophyric texture was characteristic of rhyolites, quartz-porphyries, granite-porphyries and other assuredly magmatic 
rocks of volcanic or hypabyssal character, but did not occur either in metamorphic or in truly deep-seated magmatic 
rocks, excepting hybrid rocks. 

H. VON ECKERMANN said that Dr. Reynolds had asked Professor Eskola how he explained the removal of Fe and Mg 
if magmatic granite were responsible for the granitization. He was returning the question to Dr. Reynolds by asking 
what had become of the Fe and Mg lost during her proposed transformation of the Caledonian granodiorite into grano- 
phyre. 

Doris L. REYNOLDs, in reply to Dr. von Eckermann, said that it was very probable that the Fe, Mg and Ca lost from 
the granodiorite during its transformation to granophyre had migrated into the adjoining dolerite sills. For this reason 
chemical analyses of the middles and edges of dolerite sills adjoining transformed granodiorite were being made; some 
of these analyses had, in fact, already been made. At present, however, there was no standard for comparison since 
there were no chemical analyses of the middles and edges of comparable but unaltered dolerite sills or dikes. She had, 
therefore, collected specimens from the middles and edges of various members of the Arran dike-swarm, in order that 
they might also be analysed and a reliable standard of reference thus be established. 
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SOME OBSERVATIONS ON HOMOGENIZATION AND ON 
GEOCHEMICAL DISCONTINUITIES IN GRANITIC AREAS 


By HELGE G. BACKLUND 


Sweden 


ABSTRACT 


The structural and textural peculiarities of two different types of granites—mega-porphyritic and even-grained—are 
correlated with the tectonic style of the sedimentary formations within which they are emplaced. Mega-porphyritic 
granites are found to be products of transformation of sediments of fairly equal competence exhibiting harmonious 
isoclinal folding. On the other hand even-grained granites are products of transformation of sediments of varying 
competence that show crumpling and disorderly folding. In either case the transformation that led to granite formation 
resulted from metasomatic changes dependent on small introductions from an external source, chemical interchanges 
amongst the rocks themselves, and expulsions of excess materials. As homogenization of the granite masses proceeded, 
the expelled constituents became fixed within limestones and basaltic rocks intercalated in the sedimentary series, and 
in skarn of basic front type. Similarly expelled ore constituents have enriched original poorer sedimentary ore deposits 
at several different stages. The lack of characteristic and related proportions between the trace elements within the ores 


that have been found in spectrographic investigations is believed to be an inheritance from the sedimentary rocks from 
which the constituents were derived. 


I. INTRODUCTION 


N a short review on ore formation (1941a), the writer directed attention to the fact that the minor 
chemical constituents which jointly form but 2: 24 per cent by weight of the mean composition of the 
earth’s crust, as calculated by Clarke, Washington, Vogt, Vernadsky, and Fersman, include nearly 

all those metals that are most ardently sought after. It is obvious that these metals, which individually 
rarely average more than 0-01 per cent by weight of the earth’s crust, become available for industrial 
exploitation only where they have been highly concentrated by natural processes that have worked with 
powerful efficiency against the universal tendency to dispersal. 

Following suggestions of Vernadsky (1924) and Goldschmidt (1922), the writer drew attention to 
the fact that the most effective initiator of such concentration of dispersed materials is the disintegration 
of rocks by weathering. After such disintegration the individual constituents of the rocks become 
separated from one another and concentrated (1) by differential solution and evaporation, or (2) by 
some form of sorting during transport, or (3) by organic agencies. In the third case certain chemical 
constituents become concentrated by the activity of living organisms which may (a) accumulate them 
within their tissues or secretions, (b) utilize them for the construction of their inner skeletons or outer 
shells or carapaces, or (c) concentrate them either in their excreta or as a result of chemical reactions 
in the course of their final decay. Amongst the organisms that have brought about the separation and 
concentration of chemical constituents, the microzoa and microphyta, with their innumerable indivi- 
duals, rapid successions of generations and varied associations, and with geological time at their 
disposal, have played a very important réle. Although organic agencies are the most potent in bringing 
about the separation and concentration of special chemical constituents at widespread localities, yet 
such concentrates are preserved within the sedimentary pile only when they are deposited under special 
and balanced conditions of depth, water-chemistry, and rate of general sedimentation. If these con- 
ditions are not fulfilled, the material accumulated by organic agencies is redissolved either whilst on 
its way to the site of sedimentation, or immediately after deposition. 

The separation and concentration of chemical constituents by the three processes enumerated above 
leads to the development of geochemical discontinuities within the sedimentary suites of which these 
products form constituent parts. These discontinuities occur both along horizontal planes and through 
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vertical sections. The most pronounced ones are those due to organic agencies whereby the most 
varied constituents, and occasionally even rare elements (lanthanides, actinides, etc.) may be accumu- 
lated in appreciable amounts. The maximum intensities of separation and concentration of chemical 
constituents in general occur as sequels to orogenic culminations, and become strongly accentuated 
where there are related glaciations, since the latter contribute to more vigorous and thorough disinte- 
gration of the pre-existing rocks. 
The writer has elsewhere (1941, 1943) pointed out that the Actualistic (Uniformitarian) Principle 
may be applicable throughout the whole range of the geological formations and orogenic belts that 
constitute the earth’s crust and represent vestiges of its history from far distant Pre-Cambrian times. 
If this be so then sedimentation of the kinds referred to above, with similar separations and concentra- 
tions, should have gone on throughout the whole of known geological history, and have given rise 
throughout to geochemical discontinuities. Now as investigations are pushed farther back through 
geological time it is found that easily recognizable sediments become scarcer. Not only is there a 
general decrease in the amount of obvious sedimentary material, but it has been supposed that sediments 
accumulated by organic agencies, or as a result of chemical precipitation, are completely lacking 
within the early Pre-Cambrian and “ Archean” rocks. From this supposition the conclusion has 
been drawn that the conditions under which sediments were then formed were radically different from 
those of to-day. The writer has repeatedly tried to show that this is not the case, and in particular 
that sediments accumulated by organic agencies are present within some of the oldest known formations 
and orogenic belts (1943, 1946), but that they have been camouflaged as a result of metamorphic 
reactions and recrystallization. The present communication is concerned with the problem of what has 
happened to such sediments in those parts of orogenic belts where, from geometrical considerations 
they would be expected to occur, but where, in actual fact, granite appears. 


II, METHOD OF INVESTIGATION 


In order to solve the problem as to what has become of rocks that once extended through those 
parts of orogenic belts where granite now appears, every field investigation of such areas must include 
observations relating to three fundamental aspects of the problem :— 

(1) The first relates to the fact that geosynclinal sediments develop different styles of folding 
according to their individual composition and competence, and dependent on the intensity of the 
tectonic forces. It is necessary to discover whether the granite does or does not show any structural 
or textural peculiarities that reflect the style of deformation that characterized the sediments that 
originally occupied the same space. 


(2) The second relates to the fact that geosynclinal sediments always contain intercalations, at 
various stratigraphic horizons, of basic volcanic rocks—the geosynclinal basalts and ophiolites. These 
rocks differ, both physically and chemically, from the average sediments, and it is necessary to discover 
whether they have had any influence on the appearance of the granite that has taken their place. 


(3) Thirdly it is necessary to discover whether it is possible to trace concentrates of minor consti- 
tuents, comparable with those resulting from organic sedimentation, which provide evidence of their 
original zonal or regional distribution. 

As already pointed out by Goldschmidt (1922), the emplacement of granite, whatever the mechanism 
may have been, represents a homogenization of the earth’s crust. The three methods, listed above, of 
investigating the problem of the vanished geosynclinal sediments are focused on the discovery a8 to 
just how perfect this homogenization may be. 

For the purpose of investigating the problems outlined above only granitic areas of important 
regional dimensions are practicable, such as those emplaced within orogenic belts that have rather 
incorrectly been termed “ syntectonic.” There are two different types of such regional granitic areas to 
be considered, both of which, at least in some cases, show a persistent uniform development throughout 
the whole of their exposed extent. These are the coarse-grained mega-porphyritic granites on the one 
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hand, and the medium even-grained granites on the other. Both these varieties of granite are discussed 
in the following sections of the paper, and all the existing data relating to the Swedish examples have 
been utilized in a demonstration of the application of the methods of investigation here suggested. 


Ill. COARSE-GRAINED MEGA-PORPHYRITIC GRANITES 


The rapakivi granites, though they share many features in common with this group, do not belong 
here because, being long post-orogenic in their emplacement, they exhibit distinctly different relation- 
ships which have already been discussed by the writer (1938) in the light of the extensive literature that 
they have evoked. Yet the rapakivi granites are comparable with the present group in that their 
closely packed phenocrysts of pink potash feldspar were formed at high levels and are by no means 
witnesses of a deep-seated intratelluric origin. 

The granites of the group to be discussed are characterized by closely packed rounded phenocrysts 
of perthitic potash feldspar (microcline) up to 5 and 10 cms. across, which in some cases are grayish 
white in colour, and in others pink. These phenocrysts are embedded in a scant mesostasis consisting 
of yellowish plagioclase feldspar, glomerogranular groups of brownish or grayish quartz, with 
subordinate mafic constituents, biotite and/or hornblende, and a small amount of ore minerals. The 
colour index of these rocks is low and somewhat variable, the general impression being that of a light 
grayish colour in the one case, and a dirty pink in the other. On account of the rounded form of the 
feldspar phenocrysts, these rocks have come to be known as augen-granites, whilst in those cases 
where the feldspar “‘ eyes’ are most closely packed, so that there is a minimum of medium-grained 
mesostasis filling interspaces only, the rocks may be termed gross granites. The “ eyes” are sometimes 
composed of three or four irregularly intergrown individuals with rows of inclusions of quartz grains 
that increase in grain size from the centre outward. The rows of quartz inclusions are more or less 
straight, and have a common regional orientation. Textures that are commonly attributed to flow 
movement within a supposed magma are sometimes found. Bead-like strings of phenocrysts, arranged 
with a perfect parallelism, that attract the attention when viewed in favourable directions along the 
strike, are usually interpreted in this way. Sudden transitions to “‘ augen-gneiss ”” are common in the 
border regions of the granites, and in the vicinity of inclusions of true gneiss. Such may be described 
as marginal phenomena. Distinct areas in which the phenocrysts have a disorderly arrangement are 
also found within the granites; these appear as islands surrounded by granite in which there is a general 
parallel orientation. Streaks of medium even-grained granite are also sparsely distributed through the 
mega-porphyritic variety and give the impression of representing later mobilizations, yet without 
presenting any real proofs of being younger intrusions. Pink mega-porphyritic granites, which owe 
their colour to that of the phenocrysts, are sometimes present within areas of gray gross granites and 
display.a regional distribution without showing any evidence of a difference in time or mode of emplace- 
ment. Gray gross granites within areas of red gross granites, however, are hardly ever found; where a 

gray variety does appear within the red gross granite it is usually much finer grained. oe 

There is one big area of each of the two varieties of mega-porphyritic granite within the Pre- 
Cambrian of Fennoscandia. The gray mega-porphyritic Revsund granite, with its subordinate pint 
variety, the Bjorna granite, occurs in the northern half of middle Sweden. It has a maximum length of 
350 km. extending in a N-S direction, and a maximum width of 180 km. in an E-W direction. The 
pink mega-porphyritic Filipstad granite occurring in the southern half of middle Sweden is much 
less uniform than the Revsund granite. It has a N-S length of about 250 km., and a very variable 
E-W breadth. Both the Revsund and the Filipstad granites appear to be of Gothocarelian age. The 
chemical composition of both these granites is rather uniform. The chemical analyses (cf. Tapeon 
1932) conform with the criteria that have been adopted for the recognition of % magmatic rocks 
with al<(c + alk). The potash ratio (k) is somewhat more pronounced in the Filipstad granite whilst 
the magnesia ratio (mg) is higher in the Revsund granite. The degree of oxidation (og) is somewhat 
stronger in the Filipstad granite, the average of which (83-7) approaches the average for all Swedish 


granites (83-1, Landergren, 1948, p. 25). 
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Now in both these granitic areas mega-porphyritic granites, characterized by bead-like strings of 
phenocrysts embedded in a statistically isotropic and fairly coarse-grained mesostasis, show sudden 
transitions to augen-gneisses both in the direction of the bordering rocks and towards foliated 
inclusions. In the augen-gneisses the “ eyes” of feldspar, with quartz in their angles, form discon- 
tinuous strings within a well foliated biotite-rich mesostasis. Marginward the augen-gneisses are 
bordered by banded gneisses or arterites, the so-called+* lit-par-lit injection ” gneisses, in which white 
and mostly straight even and fine-grained feldspathic bands contrast sharply with the dark coloured 
well foliated mica-schists which contain traces of carbonaceous material. Where they adjoin the augen- 
gneisses the feldspathic bands occasionally show bulges of somewhat coarser grain size. Away from 
the augen-gneisses the feldspathic bands gradually taper out and the arteritic rocks pass into foliated 
mica-schists. 

The characteristics outlined above have been described so often that it perhaps seems a waste of 
time and space to record them here again. There are, however, some further points of general interest 
which make it possible to apply the methods of investigation outlined in the preceding section of the 
paper, and from which the fate of the country rocks that once occupied the space now filled by granite 
can be deduced. The bordering mica-schists, in which muscovite is the dominant mica, show an 
alternation of layers very rich in mica with fine-grained layers, composed of quartz and some plagio- 
clase, which are almost free from mica. Whether this layering represents primary bedding of the original 
sedimentary rock, or whether it has resulted from tectonic deformation, is difficult to decide, but is of 
subordinate importance in the present connection, as is the question as to how far the chemical com- 
position of the initial rock was changed when it was transformed into mica-schist. It is clear, however, 
that the strings of phenocrysts within the mega-porphyritic granite, the strings of augen in the augen- 
gneiss, and the arteritic rocks all follow the same regional trend as the foliation of the mica-schists. 
From the disposition of the trend lines in the field, moreover, it can be seen that the linear structures 
of the various rocks reproduce the fold structures of the vanished portion of the mica-schists. The 
pitch of the fold axes is steep, and this field observation in conjunction with the parallelism of the 
linear structures over wide areas indicates that the style of folding was isoclinal. 

After the isoclinal folding of the sedimentary antecedents of the rock series of which the mica-schists 
form part there was recrystallization, as is evidenced by the fact that the mica flakes of the present-day 
schists follow the curves of the crests and troughs of the folds without distortion. With a renewal of 
tectonic deformation—no longer of ordinary sediments but of metamorphic rocks—the adjustments 
involved in further folding were made along closely spaced glide planes within the mica-schists. Along 
these planes the crystals were distorted. Concomitantly, and probably resultant on the shearing stress, 
there was a migration of chemical elements, including femic materials, from the deformed crystal 
lattices along the glide planes into the less disturbed layers between, where biotite grew in consequence. 
It is also possible that the deformed material was to some extent albitized at this time. In this way 
the banding of the mica-schists, with an alternation of narrow micaceous and quartzo-feldspathic — 
layers, was enhanced. 

With the cessation of tectonic pressure and movements the second phase in the evolution of the 
present-day rocks commenced, and where the temperature was highest the arteritic or banded gneisses 
were evolved. Now the feldspathic bands of the banded gneisses cannot be explained as magmatic 
(lit-par-lit) injections because they include biotite-rich streaks of mica-schist origin which still retain 
an undisturbed parallelism with the bordering micaceous bands. Nor can they be explained as a result 
of some process of exudation because the intervening mica-schist bands do not show the necessary 
decrease in their potash content as judged by the proportion of mica present. Examination of some of 
the feldspathic bands reveals the fact that they correspond to several quartzo-feldspathic layers of the 
ancestral mica-schist which were originally separated from one another by thin mica-rich layers 
(Plate I, Fig. 1). Relics of the latter still remain in undisturbed position within the broad feldspathic 
bands, but they are now wholly composed of biotite of coarser grain size. From this evidence it can 
be deduced that the feldspathic bands of the arteritic gneisses have each been formed from several 
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adjacent layers of the mica-schist as a result of introduction into the quartzo-feldspathic layers of 
elements necessary for the growth of potash feldspar, and expulsion from the intervening micaceous 
layers of cafemic and other excess materials. This expulsion of materials can in part be correlated 
with an enrichment in Fe and Mg both of the micaceous bands of the arteritic gneisses, and of the 
relics of almost vanished micaceous layers within the feldspathic bands; the enrichment being evidenced 
by a preponderance of biotite as compared with a preponderance of muscovite in the initial mica- 
schists. The materials that were introduced in the evolution of the arteritic feldspathic bands would 
find pathways through the imperfect crystal lattices of the distorted minerals along the glide planes 
referred to above. 

The third phase in the evolution of the present-day rocks began with the crystallization of potash 
feldspar at localized nodes, that now appear as bulges, along the feldspathic bands of the arteritic 
gneisses (Plate I, Fig. 2). The boudinée form of such bands suggests that this third phase of 
development was the result of further tectonic movements. On account of the increased rigidity of 
the rocks consequent on the feldspathization, however, the old glide planes failed to continue to 
function, and the rigified feldspathic bands reacted with boudinage. This disruption of the competent 
feldspathic bands would be accompanied by the characteristic flowage of the adjacent micaceous 
layers, the foliation of which would come to curve round the boudins. Such movements would give 
rise to loci of relative positive and negative pressure along the feldspathic bands, the latter corresponding 
to the boudins, and the former to the points of inflowage of the micaceous bands between the boudins. 
At the loci of relative negative pressure recrystallization would be particularly favoured and take place 
concomitantly with the disruption of the bands. Where there was complete disruption of the bands 
each isolated boudin is now represented by a feldspathic “‘ eye’ around which the adjacent mica 
flakes bend in parallelism with its margins. In this way the augen-gneiss with its bead-like strings of 
augen was evolved. Where the disruption was only partial the feldspathic bands now show bulges, 
which are continued as strings of augen in the augen-gneiss (Plate I, Figs. 3 and 4). The boundary 
between augen-gneiss and banded gneiss, however, is readily discernible and has a sinuous form. 

At the time when the banded gneisses were transformed to augen-gneiss, the basaltic sheets that 
were intercalated in the original geosynclinal sediments and that had escaped from stronger tectonic 
deformation underwent an allied change. Big rounded phenoblasts of potash feldspar, of the same 
order of size as the augen of the augen-gneisses, grew within them. Within the basaltic rocks, however, 
the potash feldspar phenoblasts have a disorderly arrangement that stands in contrast with the 
orderly disposition of the augen in the augen-gneisses. The growth of the feldspar phenoblasts within 
both the gneiss and the basalts led to a further expulsion of cafemic constituents. In consequence 
basic fronts began to form, quartz-diorite-gneisses developed as a result of the concentration of such 
displaced constituents within the gneisses, whilst the fixation of these constituents within the basaltic 
rocks gave rise to amphibolites, amphibole-gabbros, etc. 

With the cessation of the movements that led to the evolution of augen-gneiss the fourth phase of 
transformation gave rise to the mega-porphyritic or augen-granites. At this time the expulsion of 
cafemic and other superfluous constituents culminated, and accumulations of skarn along the margins 
of the granite reached their maximum concentration and diversity. Within the mega-porphyritic 
granite, areas within which strings of phenoblasts are still discernible (Plate I, Fig. 5) represent relics 
of the replaced augen-gneiss, whilst others in which the phenoblasts show an irregular distribution 
represent the pre-existing but now transformed basalts (Plate I, Fig. 6). Apart from such textural 
differences, however, the granite evolved from augen-gneiss and basalt is identical both in composition 
and structure. In the mega-porphyritic granite homogenization is apparently completed. The contact 
between the mega-porphyritic granite and the augen-gneiss at the present surface of the earth is quite 
well defined, though irregular, with “ inclusions,” or rather relics, of augen- and banded-gneiss still 
remaining within the margin of the mega-porphyritic granite. Occasional overlaps of the four phases 
such as these confirm the sequence of events. 

35 


PART Ill: METASOMATIC PROCESSES IN METAMORPHISM 


The gray or red colour of the final granite is correlatable with the relative abundance or paucity of 
carbonaceous material in the initial sediments. Where carbonaceous material was relatively abundant 
within the initial sediments the granite evolved from them is gray, whereas if the parental sediments 
were deposited under oxidizing conditions this is now evidenced by the presence of trivalent iron, as 
red colouring matter, within the feldspar phenoblasts. Da 

From this study of the mega-porphyritic granites and the associated gneisses It 1s clear that the 
phenocrysts within the granite represent a further stage in the evolution of the augen In the augen- 
gneiss. Thus, such phenocrysts are by no means witnesses of a deep-seated origin within a magma-basin. 
On the contrary they have been formed within solid rocks and, as is indicated by the tectonic style 
that has brought about their evolution, at relatively high levels in the earth’s crust. 

The intercalations of medium even-grained, or aplitic, granite within these areas of gross granite 
may have been formed at the expense of a feldspar-bearing rock, other than the mica-schists, whose 
evolution and consequent structure and composition were fixed during an earlier epoch, and which, 
in consequence, responded differently to tectonic deformation. Perhaps the aplitic granite, which 
sometimes retains relict bedded structures, may have resulted from the granitization of a leptitic rock 
suite. 

Now along the border of the Revsund granite, and outside its margins, there are ore concentrations 
associated with highly varied accumulations of skarn that belong to its basic front. The sulphides and 
arsenides in original and poorer sedimentary ore deposits have here been enriched at several different 
periods, and their order of fixation has been thoroughly investigated in the Boliden and neighbouring 
mining areas on the northern border of the granite (S. Gavelin, 1939; Odman, 1941, er alii). The 
sequence of the enriching emplacements can be best explained in connection with the different phases 
of granitization within the area to the south, and in particular with the expulsions of cafemic and 
other excess materials from this area. A geochemical investigation of the minor (metallic) constituents 
within the sulphide ores of the different mining fields has shown that there are no characteristic com- 
binations or proportions of these elements within the different areas (S. Gavelin and Gabrielson, 1947). 
On the contrary even the ores of one and the same mine are completely lacking in any common and 
characteristic proportions between the minor elements. They thus show serious geochemical discon- 
tinuities which are completely inharmonious with any supposition that the ores had a pneumatolytic 
or hydrothermal origin related to magmatic differentiation (see Conclusions, p. 40). On the other 
hand, if the ores represent one of the results of basic front action they should reflect the initial conditions 
that obtained within the areas from which they were displaced with respect to those minor elements 
which are related to the leading cations of the ore sulphides through alliances controlled by isomorphism 
and other properties. They should, in fact, reflect the geochemical discontinuities of the sedimentary 
areas that have been granitized, particularly with respect to those minor elements which succumb to 
migration in company with the cafemics of the basic front. The geochemical discontinuities of the ore 
and skarn deposits represent a step that was taken on the way towards homogenization within the 
replacing granites. Geochemical discontinuities still remaining within the otherwise homogenized 
granite may probably be accounted for geochemically as concentrates of lithophile elements approxi- 
mately on their original site of accumulation. 

Similarly, spectrographic investigations of the minor constituents (Cd, Ga, In, Ge, Mn, Fe, Co) 
within the zinc blende ores from various Swedish occurrences and sulphide mines reveal geochemical 
discontinuities (Gabrielson, 1945). Within the various units there are no correlations between these 
constituents such as would indicate a common origin from residual magmatic solutions of a 
pneumatolytic or hydrothermal kind, and this remains true even when possible telescoping effects are 
kept in mind; there are indeed some indications of fixation of zinc blende at higher and lower 
temperatures. Those occurrences of zinc blende ores that can be correlated with the emplacement of 
the Filipstad granite reveal proportions and discontinuities that can be explained only by relating 
them to the initial sedimentary rocks from which the Filipstad granite was evolved. 
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The Uppsala granite of eastern Central Sweden, a rather homogeneous rock with a sombre grey 
colour, has an areal extent of approximately 150 km. in a N-S direction, and 120 km. in an E-W 
direction. White, somewhat zoned plagioclase, with a composition that lies within the limits of ande- 
sine, is the dominant mineral. Together with pale coloured microcline and quartz that mostly has a 
bluish colour, it constitutes the felsic part of the rock, whilst biotite and bluish green hornblende 
rarely with diopsidic cores, and small amounts of titanomagnetite and apatite, make up the abundant 
mafic portion. In the southern and western parts of the area the pink Wiinge granite is the dominant 
rock, but it presents no decided evidence such as would indicate that it was emplaced before or after 
the grey granite. Westward the predominant grey granite merges into a more leucocratic variety, 
known as the Sala granite, which is characterized by oligoclase. The typical grey granite commonly 
has small basic inclusions. All three varieties show a similar degree of oxidation (og = 81-09) which 
is close to the average for Swedish leptitic rocks (og = 81-2). Apart from this their chemical charac- 
teristics are those appropriate to supposedly true ‘‘ magmatic” rocks, i.e., al —(c + alk) <0, with 
no cor in the norm. The bulk chemical composition of the various granites is shown by the chemical 
analyses listed in W. Larsson’s (1932) well-known compilation of analyses of Swedish rocks. 

The margins of this composite granite mass, which belongs to the Svecofennian belt, are not well 
defined, the granite passing to a gneissose variety containing irregularly distributed inclusions of older 
leptitic rocks which exhibit various degrees of granitization and tectonization. Moreover, later rather 
homogeneous granites encroach upon its area. These are of the statistically isotropic Stockholm 
granite type, dominantly potassic (k = 0-66, mg = 0-28), with a stronger degree of oxidation 
(og = 85-6) than the Uppsala and related granites, and always with appreciable normative corundum 
(al — (c + alk)>0). : 

Now as indicated above, the granite area proper consists of a number of sub-areas of perfectly 
homogeneous statistically isotropic varieties, with small and scanty masses of gabbro or diorite, of 
earlier crystallization than the granites, occurring as occasional and sparse inclusions. The main 
sub-areas of granites are separated from one another by more or less broad bands of gneisses with a 
predominant grey colour. From the geological map of the area (text-fig. 1) it can be seen that these 
bands of gneiss strike in E-W and N-S directions, the two different trends being connected by curved 
bands of similar rock. The disposition of the bands of gneiss on the map presents a clear picture of a 
projection, on the topographic surface, of broad folds pitching steeply eastward and modified by 
differential sliding of the beds along the fold-axes. The bands with an E-W strike represent the limbs 
of the folds, and those with a N-S strike the crests and troughs. The picture is a replica of the structure 
of the outer Stockholm archipelago (Holmquist, 1910; Sundius, 1939) situated immediately to the 
south of the area under discussion. Associated with the gneisses, and following the same trend, are 
relict bands of leptitic rocks, granulites and mica-schists. From the disposition of these relics it can 
be deduced that the original folded framework was composed of leptitic rocks essentially at the crests 
and troughs of the folds, with granulites and mica-schists forming the limbs. These rocks, since they 
include quartzites, limestones, and rhythmically banded iron ores at various horizons, represent a mixed 
suite of geosynclinal sediments of early Svecofennian age. All the rocks are now, of course, more or 
less transformed as a result of metasomatic and other processes. 

The first metasomatic alteration of this sedimentary suite, the feldspathization that resulted in 
leptitization, was subsequent to the principal folding, but movements later than the leptitization took 
place especially within the limbs of the folds. At a later stage of transformation the leptitic rocks and 
schists, together with intercalated rocks of limestone-origin and rarer basic intrusive sheets, were largely 
transformed to grey or red gneiss. The transformation of leptitic rocks to gneiss resulted from the 
progressive development of coarser feldspathic material along their foliation planes. Elongated slabs 
of leptitic rocks, more or less transformed to gneiss by metasomatic processes, and showing more and 
more marked transformation the further they are situated from the relict leptitic framework, still 
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remain. within the gneiss. The feldspathic material also increases in amount as the distance from 
unaltered schist relics becomes greater, gradually replacing them without effacing their original 
foliation. Thus, by successive stages the leptitic and schistose rocks grade to gneiss in which the 
gneissose texture is an exact copy of the foliation or bedding planes of the original rocks. It is evident, 
therefore, that this transformation has been effected, without melting, as a result of substitution 
dependent on migrations of chemical elements. Finally, by further development of quartzo-feldspathic 
material, the foliation planes become obliterated and the gneiss grades to the homogeneous statistically 
isotropic granites. 

The basic rock bodies (recorded on the older maps as greenstones, dioritic and quartz-dioritic 
schists, etc., or as hornblende-gabbro) that are so common within the gneisses, and which represent 
limestones and more rarely basic intrusive sheets that were present in the ancestral sediments, are also 
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gradually replaced by quartzo-feldspathic material, and become very scarce within the even-grained 
granites. Vein-like replacements of quartzo-feldspathic material appear within the basic bodies and 
gradually increase in width until the rocks acquire an agmatite-like appearance, and give an erroneous 
impression of having been blasted into angular fragments. In other instances the basic bodies gradually 
disappear as a result of uniform replacement. In either case cafemic materials are displaced and 
emigrate. The mineralization of distal limestones, with the evolution of skarn of basic front type, is 
probably to be correlated with such displacement of cafemic constituents from proximal granitized 
basic rocks. 

That the homogeneous even-grained granites represent replacements of pre-existing rocks of 
varied facies is apparent from their regular position within and conformity with the pattern of the 
steeply pitching folds evidenced by the distribution of the gneisses with their relict framework of leptitic 
rocks and schists. This conclusion is supported by detailed transitions ranging from leptitic rocks and 
schists, through gneisses to granite. Within the granite homogenization has finally obliterated the 
last vestiges of former folds. 

The “ greenstone ” bodies aggregated within the bands of gneiss, to which reference has just been 
made, and more especially those schistose varieties with the composition of quartz-diorite, diorite 
and amphibolite, are relics of manifestations of ‘‘ basic front ’’ action within the calcareous sediments 
of the initial sedimentary framework. More rarely such “‘ greenstones ” represent relics of basic and 
ophiolitic intrusive sheets that were present within the original geosynclinal sediments, but which are 
now strongly transformed and basified by “ basic front” action. The limestones and basic igneous 
bodies have twice been subjected to metasomatic processes dependent on “‘ basic front” action, that 
is to the fixation of cafemic and other materials displaced from rocks undergoing granitization. 
This took place at the initial feldspathization or “ leptitization”’’ of appropriate sediments, and 
secondly at the time of the neighbouring areal granitization which was an act of homogenization by 
metasomatism. 

The granitization cannot be attributed to the action of “ granitic solutions” of any kind of 
magmatic origin. So many and varied were the pre-existing rocks that are now transformed to granite 
that if such solutions had existed they must have been incessantly modified and altered in composition 
after each new rock variety was granitized. Under such circumstances the postulated solutions could 
not have retained their individuality and energetic potentials sufficiently to bring about homogenization. 
In such cases it is absurd to speak of “* solutions,” and especially of ** granitic solutions,” 

The mineral composition of the final granite, and the dispersed “inclusions ” of gabbro and 
diorite within it suggest that the original sedimentary rocks included a not too subordinate proportion 
of limestones. For the eventual development of an even-grained granite it is necessary that the original 
sediments should be either completely and uniformly feldspathized, 7.e., leptitized, or crumpled into 
irregular micro-folds during the general folding. In the first case lack of diversified structures would 
favour an even granitization. In the second case micro-folding and micro-crumpling of the sediments, 
especially in the presence of beds of limestone which on transformation would lead to volume change, 
would prevent the formation of arteritic rocks like those described in the preceding section of the 
paper, and in consequence favour an even-grained granitization. TEBE au knowledge of the 
diversity of the rock types involved it is improbable that the initial leptitization could have been 
complete and uniform throughout. On the other hand, if in- the original sediments there was an 
alteration of competent and incompetent sediments, /.e., of psammitic and pelitic sediments, as there 
appears to have been, then the initial folding would have been likely to give rise to crumpling. Indeed 
vestiges of crumpling are plentiful within the relict areas of leptitic rocks, mica-schists and granulites. 

In the Uppsala granite area one is able to present more perfect evidence of the lack of homogeneity 
of the granites with respect to their minor geochemical characteristics than in the case of the Revsund 
and Filipstad granites, a lack of homogeneity which is incompatible with a supposed magmatic origin 
of the rock assemblage. In the zinc blende ores that are mined in ore field's well within the granitized 
area the minor constituents that have common affinities with Zn show no agreement or co-ordination 
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of any kind that would suggest that the ores were derived from pneumatolytic sources or from granitic 
residual solutions: on the contrary they indicate different sources of origin. On the other hand, the 
minor constituents of the old “ leptites ” characteristically show geochemical discontinuities, and this 
peculiarity, with some small modifications, has been inherited by the granites which replace them 
(Lundegardh, 1946). Such an inheritance of geochemical discontinuities can hardly be explained as a 
result of assimilation of the leptites by molten granite magma because a detailed homogenization of 
the end product would be inevitable at the necessary high temperatures. Similar geochemical discon- 
tinuities in the distribution of the minor constituents within granites have been discovered in the 
course of important Finnish investigations (Sahama, 1941), but have not hitherto received sufficient 
explanation. The recent orthodox suggestions (Rankama, 1946) that such discontinuities represent 
the effects of late differentiation from magmatic sources do not conform with the geological field 
conditions since these indicate that the rocks under consideration were formed at a high level in the 
earth’s crust. 
Vv. CONCLUSIONS 


It is perhaps of interest to recall that geochemistry began in the United States by a search within 
the igneous rocks for the minor constituents which jointly form but 2-24 per cent by weight of the 
earth’s crust. Particular combinations of these elements in small amounts and appropriate proportions 
should supposedly characterize individual “magmatic” provinces. Rocks that show a “con- 
sanguinity ” were regarded as having been derived from a common magmatic stock, and as having 
become individualized through some process of magmatic differentiation that operated within a 
deep-seated ‘‘ magma-chamber”’ or within less deep-seated subsidiary reservoirs. The first attempt 
to decipher these inter-relations remained without decisive success, but the attempt was resumed and 
amplified after progress in and improvement of spectrographic methods, and after Goldschmidt’s 
investigations of the laws of geochemical distribution of the elements within the earth’s crust (1922-38, 
1937). If the magmatic differentiation hypothesis is tenable then a uniform distribution of stable 
- combinations of the minor elements throughout individual rocks of a “* province” is to be expected, 
with characteristic but related deviations between the various members of the “‘ province.”” Now 
extensive areas of superficially uniform granitic rocks provide excellent possibilities for investigating 
whether such detailed homogeneity is indeed a fact. From the foregoing sections of this paper it will 
be apparent that, quite apart from the field evidence that the Swedish granites under discussion have a 
replacement origin, such geochemical data as have already been accumulated are incompatible with an 
origin by any process of crystal differentiation either for the granites or for the associated ores. 

A critical examination of all the available evidence relating to extensive areas of mega-porphyritic 
and even-grained granites in Sweden leads to the following conclusions with respect to the three 
problems that were presented in section II of this paper:— 

(1) Granites emplaced within sediments of fairly equal competence that exhibit harmonious 
isoclinal folding are of mega-porphyritic type. On the other hand granites emplaced within sediments 
of varying competence that show crumpling and disorderly folding are of even-grained type. 

(2) Petrographic and chemical contrasts between the various members of the original sedimentary 
and associated rocks do not influence the main trend of the textural development of granites emplaced 
within them. Aberrant types, such as basic igneous and metasomatic rocks, undergo textural (and 
chemical) transformations closely similar to those developed within the prevailing sedimentary types 
and induced within them by the predominant tectonic style. 

(3) Well bedded sedimentary series are characterized by marked geochemical discontinuities both 
in the horizontal and vertical directions. Granites, together with their “‘ basic fronts,” emplaced 
within such sediments display corresponding geochemical discontinuities of the minor chemical 
elements suggestive of an inheritance from pre-existing sedimentary rocks. 

All three of these conclusions, which still require and deserve manifold checks, both in the field 
and in the laboratory, are compatible neither with a magmatic origin of the granites, dependent on 
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the intrusion of molten silicate solutions from the depths below, nor with the action of “ granitic 
solutions ” of any kind. 


In connection with the suggested relationship between the geochemical discontinuities of the 
minor constituents within granites and the sedimentary rocks within which they are emplaced, increased 
systematic investigations of the geochemistry of sedimentary rocks are required. This aspect of 
geochemistry, in its inter-relations with granitic emplacements, has been greatly neglected. Moreover, 
in interpreting geochemical investigations that are concerned with the distribution of the minor 
constituents within the various rocks of the earth’s crust it should not be forgotten that these consti- 
tuents which form but 2-24 per cent of the earth’s crust by weight form an even smaller percentage by 
volume. They constitute but a very small proportion of the 10 per cent of volume occupied by the 
common cations within minerals. They are camouflaged, captured, or dispersed within a great many 
different crystal lattices and are probably capable of migrating only as a result of radical destruction 
of these lattices. In consequence it is possible for geochemical discontinuities of the minor constituents, 
once formed and fixed by mineralization, to persist within the final granite as witnesses of its evolution. 
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DESCRIPTION OF PLATE 


Stages in the Evolution of Augen-gneiss and Mega-porphyritic Granite. The Northern Border of the 
Reysund Area. (Photographs of field outcrops, by courtesy of Dr. S. Gavelin.) 


Fic. 1.—A feldspathic band, in banded-gneiss (“ lit-par-lit ”), retaining relics of the banded 
structure of the mica-schist it replaces. The feldspathic band is about 12 cm. broad. (1/8 natural size). 
Fic. 2.—Banded-gneiss in which boudinage has given rise to bulges along the feldspathic bands. 


Each major division of the scale equals 10 cm. (1/8.) ; ' 
Fic. 3.—Banded-gneiss in which feldspathic bands with bulges can be seen to continue as strings 


of augen ; the result of intense disruption accompanied by further recrystallization of the feldspathic 


bands. The scale is about 20 cm. long (1/6). 
Fic. 4.—Augen-gneiss with remnants of boudinée feldspathic bands ; a further stage of disruption 


and transformation of the feldspathic bands than that shown in Fic. 3. Scale as in Fic. 2 (1/8). 
Fic. 5.—Mega-porphyritic granite with strings of phenoblasts ; a relict structure from antecedent 


augen-gneiss. Scale as in Fic. 6 (1/12). 
Fic. 6.—Mega-porphyritic granite with an irregular arrangement of phenoblasts ; the result of 


transformation of basaltic rock. The minor divisions of the scale equal 1 cm. (1/12). 


DISCUSSION 


Tue CHAIRMAN, E. S. LARSEN, was reminded by Professor Backlund’s paper of a granite exposed in a tunnel near 
Ware, Massachusetts. In this tunnel gently dipping micaceous schists were cut by a granite mass over a mile across. 
Near the contacts with the granite the schists contained lenses of granite several inches thick that were flat, parallel to 
the bedding and schistosity. The schistosity had not been bent or distorted by the granite as it must have been 
if the granite had been injected. 

The granite-schist contact was sharp and it cut across the schistosity, but the granite showed a distinct but faint 
layering parallel to that of the schists. Plain layers of mica in the granite were essentially like those of the schist. The 
layering was present across the mass and was parallel to that of the neighbouring schist. 

A. F, BUDDINGTON said he would like to ask a question for information. Could Dr. Reynolds tell them whether Dr. 
Backlund had anywhere published his ideas on the origin of the major metallic constituents of the ore deposits? It was 
obviously difficult to discuss the hypothesis which had been presented relative to the significance of the minor con- 
stituenis without knowing how it fitted into the picture of the major constituents. ’ 

Doris L. REYNOLDs in reply to Professor Buddington, said that Professor Backlund explained both the major and the 
minor metallic constituents of the ore deposits to which he refers as elements driven forward with the cafemic materials 
of the basic front. She suggested that it would be more satisfactory if the discussion arising out of his paper were to be 
referred to Professor Backlund himself for replies that could be incorporated into the final report. 

F. F. Grout said it would be most presumptuous for him to discuss the evidence of replacement in an area he had 
not seen, There was a question, however, as to one assumption that appeared to be inherent in the argument, and that 
had been stated directly at one time in the paper read: namely, that a magma (as distinct from a replaced rock) tended 
rapidly to become ‘“ uniform.’ There were many references in literature to “‘ uniform magma.’ Magmas were so large 
that laboratory observations in a beaker could be applied only with a certain amount of caution. Could Dr. Backlund, 
or any one present, tell them of an example where there was evidence that a large body of magma had been uniform or 
had had a tendency to become rapidly uniform? ; 

Doris L. REYNOLDs said that Professor Grout’s remarks implied that the existence of large bodies of deep-seated 
granite magma was a proven fact. Had anyone seen such a magma? If not, by what criteria did Professor Grout dis- 
tinguish the granites of magmatic origin to which he had referred? In his paper Professor Backlund in no way assumed 
the existence of granite magma, nor had she done so in presenting the paper for him. 

A. Homes responded to Professor Grout’s request for an example of a uniform magma by drawing attention to the 
fact that basaltic magmas often seemed to be of remarkably uniform composition throughout immense volumes. The 
results of chemical analyses which had been made from widely separated localities of the dolerites of the Whin sill and 
associated dikes of the North of England differed in no significant way from the average composition of the whole, 
determined by a composite analysis of thousands of specimens made by J. A. Smythe. In contrast, granite masses were 
rarely homogeneous, though megascopically some of them might appear to be so. Often, however, they showed con- 
spicuous variations which persisted over large areas. The characteristic gradations from chemical heterogeneity to an 
approach towards homogenization suggested that granites had a quite different origin from the magmatic rocks of 
basaltic composition. He agreed, of course, that if magma of granitic composition had originated by rheomorphism it 
could not be expected to be chemically uniform from place to place, or to show the serial variations that should charac- 
terize a magma evolved by differentiation. But granitic magma formed by rheomorphism was a result of long-continued 
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metasomatic Processes and was not the cause of these processes. The fact that deep-seated basaltic magma—for the 
existence of which the evidence was good—failed to bring about petrological phenomena comparable to migmatization 
threw grave doubt on the view that ascribed the phenomena of granitization to the action of granitic magma. 

MARGARET F, Boos said that a comagmatic province composed chiefly of granitic rocks was exposed in the Front 
Range of Colorado and Wyoming, United States of America. There were three successive developments of Pre-Cambrian 
granites in an area about four hundred miles from north to south and up to one hundred miles wide from east to west. 

The earliest granitic rocks had obviously been developed by metasomatic processes in country rock consisting of well 
stratified sandstones, shales, thin limestones, and intercalated basic lava flows. Cores of quartz-monzonite-porphyry and 
gneissic granite were enveloped in mica-schist, gneiss and skarn rocks. 

The second generation of granite was chiefly of magmatic origin. It occurred chiefly in two large widely separated 
batholitic gneisses that had pushed up and aside the early monzonites, schists and gneisses. Typical granites of the 
second generation were much alike from place to place. Xenoliths of the early metasomatically developed ‘‘ granites ” 
were strewn about in the second generation masses. 

The third and final stage of Pre-Cambrian magmatic activity in the Range produced a variety of large and small 
plutons in seven areas peripheral to the second generation batholiths. Mineralogically, petrographically, structurally, 
and in physical appearance the granites of the last generation were alike in all the plutons. Lineation, flow structures, 
stope-contacts and lit-par-lit injections into the already highly altered schists and gneisses indicated the true magmatic 
origin of the third generation granite. Minor minerals of the same species and frequency occurred in samples of granite 
from all bodies of the third development of granite. 

D. R. Bowss said that differentiation, when operative, would produce a heterogeneous distribution of the rarer 
elements (see Wager, L. R. and Mitchell, R. L. “‘ The distribution of Cr, V, Ni, Co and Cu during the fractional crystal-. 
lization of a basic magma ”—Section A). The well known association of certain of the rarer elements with basic rocks 
and others with acid rocks was evidence of this. 

In reply to the discussion of his paper H. E. BACKLUND wrote as follows : 

With regard to Dr. A. F. Buddington’s query as to my interpretations of the origin of the major metallic constituents 
of the ore deposits, these are published in extenso in a memoir of 1943 (Geol. Rundsch., 34) which is quoted by Dr. Reynolds 
in her paper on * The Association of Basic Fronts with Granitization ” (Science Progress, 35, 1947). They were recapitu- 
lated by me in an address read before the Geological Society of Edinburgh in April, 1948, which is to be published 
shortly in English. An excellent exposé ‘“ On the Geochemistry of Swedish Iron Ores and Associated Rocks and their 
Formation ” is given by Dr. S. Landergren (1948), in which he discusses the original sedimentary and “ basic front ” 
components of the ores and their geochemical discontinuities. 

In reply to Dr. F. F. Grout, it is but an idle desire to wish to have seen every granitic area that may be discussed. 
After having traversed several thousand miles of granitic areas of various ages in different continents one becomes 
acquainted with their typical and critical appearances in the field, as was pointed out by Dr. H. H. Read in the course of 
the Ottawa discussion, and able to reconstruct the structural and regional details when hints of these are given. ““ Granitic 
magma ”’ is a hypothetical construction and the term is used in the paper in accordance with the pretended “ definition ” 
that presents it as a homogeneous silicate melt or a crystal ** porridge.” An inhomogeneous mixture does not fall under 
the definition of ‘‘ magma,” and has tentatively been called ‘‘ migma ”’ by Reinhard. Migma is supposed to be a mixture 
either of “* endogeneous differentiation products ’” and homogeneous “ residual-magma,” or of “ exogeneous inclusions ” 
and the same “‘ magma.” It will be observed that these explanations are again given in terms of assumptions. In order 
to establish the “‘ residual-magma ” part of the hypothetical ‘‘ migma ” as an important factor in granitic emplacement 
the Ziirich School has created (Schweiz. Min. Petr. Mitt., 1943, 1946) a lot of well-sounding terms such as kyriosoma, 
stromatosoma, etc., the meanings of which incorporate the hypothetical conception of “magma.” My own starting 
point is not that of hypothetical ‘‘ magma,”’ but the pre-existing sedimentary pile with its determinable , inhomgeneities 
which are reflected, after transformation, within the masses of the replacing rocks. 

Dr. A. Holmes correctly draws attention to the homogeneity of basalts which represent the closest approach possible 
to real magma. 

Dr. Margaret F. Boos, I regret to say, starts her remarks with a “ contradictio in adjecto »” : if the earliest granitic 
rocks of the Front Range of Colorado and Wyoming were obviously developed by metasomatic processes in country 
rock “* sandstones, shales, thin limestones and intercalated lava flows,” they cannot be spoken of as “ comagmatic *’ with 
later granites, because at the time of their formation no corresponding magma existed, not even an imaginary one. The 
quartz-monzonite-porphyry “‘ cores” with “ gneiss and skarn rocks ” show all the characteristics of replacements of 
“ basic front ” type that took place close to the present day surface of the earth. 

In the case of the second generation of granite (“ chiefly of magmatic origin”) which occurs in two large and widely 
separated “ batholithic ” gneisses, if Dr. Boos would graciously compare the areal extent of the older rocks pushed aside 
by the “ batholithic ” intrusions with the areal magnitudes of the “* batholiths ” themselves she would soon discover the 
insignificance of this shouldering stress in comparison with the struggle for space that would have been occasioned by 
the forcible grand-scale intrusion imagined. It is a local rheomorphic manifestation to which Dr. Boos refers. Apart 
from these local effects there is probably some conformity between the tectonic attitude of the * batholithic # gneisses 
and their “ xenolithic inclusions ” of the early metasomatic granites on the one hand, and the general regional strike of 
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the whole area of older metasomatic granite on the other hand, which would indicate a replacement action in spite of the 
‘“ batholiths ” being suspected of being chiefly magmatic. The likeness of the “ second generation ” granites from place 
to place to which Dr. Boos refers is due to their emplacement within an older granite area that had already gone through 
the first stage of rough homogenization by metasomatic action. 

The third and latest group of small peripheral granitic plutons referred to by Dr. Boos develops all the peculiarities 
of emplacement such as “lineation, flow structures, stope contacts and lit-par-lit injections ” that I have shown in the 
paper to be typical forerunners of a granitic emplacement by ionic diffusion (= granitization). It is perhaps of some 
interest to mention that in the peripheral parts (N, S, and W) of the Uppsala granite area, the discussion of which 
forms the second part of my paper, there also exist two groups of younger granitic emplacements, the Fellingsbro and the 
Stockholm granites, which differ from each other and from the principle Uppsala granite in composition, but the members 
of which are very much alike within each group. These later granites have not been considered in this paper. The analogy 
with the area discussed by Dr. Boos, however, suggests the guess that in the Front Range granites the amount of potash 
will steadily increase in conformity with the increasing youthfulness of the granites. It is perhaps a point of interest that 
whereas Dr. Boos finds the older granitic rocks in the Front Range of Colorado and Wyoming to be metasomatic, and 
the youngest granites to be of “ true magmatic origin,’ in Sweden the Geological Survey reckons the oldest granite in the 
Uppsala district—the Uppsala granite—to be a product of true ‘‘ magmatic” activity, and the younger Fellingsbro and 
Stockholm granites to be ‘‘ migmatites.”’ 

I would recommend Mr. D. R. Bowes to scrutinize the excellent maps of the Kangerdlugssuag region of East Greenland 
by Wager and Deer (Medd. om Greonland, 105, No. 4, 1939) and of its wider environs (L. R. Wager, Ibid., 134, No. 5, 
1947) ; to compare them with the sketch map of the analogous areas of Werner Mts., E. Greenland (W. Bierther, Jbid., 
114, No. 3, 1941), and of Eastern Traill Island, E. Greenland (H. P. Schaub, Jbid., 114, No. 1, 1938 ; Ecl. Geol. Helv., 35, 
1942), and then to draw his own independent conclusion as to whether the differentiation postulated by Wager, that he 
quotes, has been operative or not. If Mr. Bowes will also study the description and maps of the Iveland-Evje-No area 
(Barth, Norges Geol. Undersék., No. 168a) he may perhaps gain some insight as to why the association he quotes is a 
well known one. 
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ABSTRACT 


La conception de la transformation des sédiments tire ses racines des études stratigraphiques et tectoniques. Il en est 
ainsi pour les terrains post-cambriens et pour les séries plus anciennes. En essayant d’établir une classification strati- 
graphique des terrains précambriens, J. J. Sederholm se trouva en face d’un noeud de problémes qu’il ne réussit 4 dénouer 
qu’a aide des principes du métamorphisme développés auparavant par I’école francaise. Ces origines sont importantes 
pour la structure logique du transformisme et son évolution. Le développement de la chimie physique et l’application 
de ses régles aux problémes des roches a limité le champ de vision de beaucoup de chercheurs en les orientant, dans 
un but unique, vers les explications chimico-physiques. Ces écoles s’inspirent, chacune a sa facon, des résultats de 
laboratoire, et aboutissent a des résultats trés divergeants, ce qui est compréhensible, puisqu’il s’agit d’extrapolations 
parfois assez étendues. Le cadre des données stratigraphiques, tectoniques et cinématiques délimite le champ de dispersion 
des extrapolations. Les progrés de l’analyse tectonique permettent d’esquisser la structuration du cadre en montrant 
les phénomeénes sous l’angle d’une tectonique géochimique. 


INTRODUCTION 


"ECOLE de Werner ne connaissait qu’une seule catégorie de roches, les sédiments, dont les 
L couches étaient déposées les unes sur les autres au fond des mers. Hutton introduisit une nouvelle 
catégorie: les roches éruptives, résultat de la consolidation de masses ignées. L’argument fonda- 
mental de Hutton pour la nature endogéne des roches éruptives était d’ordre structural: puisque les 
filons de basalte et les granites recoupaient les couches sédimentaires, leur mise en place devait étre 
postérieure a la formation des roches encaissantes. On rencontre donc, déja au commencement de la 
géologie moderne, trois complexes de questions fectoniques qui nous occupent encore aujourd’hui, 
a savoir: (a) l’analyse structurale, dans le cas des roches éruptives: la détermination de la forme, des 
espaces qu’elles remplissent et la relation de la forme avec ensemble des structures régionales et 
(b) analyse cinématique qui consiste, pour le cas des roches éruptives, dans l’étude des traces de 
mobilité et de vitesses différentielles des milieux en contact, et des variations de la mobilité dans le 
temps; (c) l’analyse chronologique: la division en phénoménes synchrones et métachrones, la déter- 
mination de leur place dans la série des phases régionales et dans l’échelle stratigraphique. 

Ces problémes ont été repris pendant ces derniéres 150 années par chaque génération, chaque 
fois avec des méthodes et des techniques d’investigation différentes, de plus en plus spécialisées; 
Vhistoire nous montre que, malgré cette diversité des moyens d’investigation, les interprétations 
gravitent autour de quelques idées-types. Le catalogue de celles-ci contient les possibilites de la pensée 
humaine de grouper les phénoménes en question; il permet aussi de reconnaitre I’étendue des problemes 
les plus discutés et de voir les ramifications des discussions; on y reconnait, comme sur une carte, des 
parties trés détaillées et d’autres montrant a peine le tracé des grandes lignes. 

A cété des roches sédimentaires et ignées, on reconnut bient6t une troisiéme catégorie, celle des 
roches transformées (portant encore des traces de leur nature primitive). La mobilite des particules 
a Pétat cristallisé, déja connue par J. Davy, Gay-Lussac, Mitscherlich, Haidinger et d'autres, fut 
introduite dans les interprétations géologiques par Heinrich Steffen (1810), par Keferstein (1820) et 
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Keilhau (1828*); les études de ce dernier, professeur a l’université de Christiana (Oslo) aboutirent en 
1836 (Keilhau, 1838) 4 une premiére synthése ob l’on trouve déja un certain nombre de termes encore 
en usage aujourd’hui tels que: métamorphose, métasomatose, et au lieu de granitisation le mot 
granitification. Keilhau distingue entre la métamorphose et la métasomatose (p.c.p- 47); la derniére 
est une transformation par substitution de la substance (substantielle Forvandlinger) avec appor et 
départ de matériaux. Il affirme que le réle du géologue est d’abord de reconnaitre les phénomenes 
avant de les expliquer.+ 

Sa conception fondamentale, reprise par Durocher (1846) et les autres classiques de l’école francaise, 
n’a pas changé dans ses grandes lignes. Adaptée aux progrés des sciences chimiques, physiques, 
minéralogiques et cristallographiques, elle constitue actuellement un des importants chapitres de la 
pétrologie. 

Les considérations structurales, I’étude des structures préexistantes sont donc a la base des 
recherches sur la métasomatose. Il importe de souligner cette origine afin de ne pas perdre de vue les 
grandes lignes de I’évolution. Pendant celle-ci, l’attention fut tant6t dirigée vers l’élément stable: la 
structure préexistante, tantét vers les transformations chimiques et minéralogiques. Ces derniéres 
étant plus accessibles aux interprétations dynamiques de la chimie physique moderne ont surtout joui 
de la faveur des chercheurs depuis un demi-siécle. 

La connaissance des structures ne s’est pas développée avec le méme rhythme. Le développement de 
la tectonique moderne montrant la fonction et l’interdépendance des éléments structuraux depuis 
l’échelle microscopique jusqu’a celle des continents est relativement récent. Plusieurs de ses méthodes 
et techniques ont été créées dans des régions non métamorphiques. II fallait les adapter aux 
terrains transformés et a leurs problémes spéciaux. Il semble donc utile d’esquisser le joint de la 
pétrographie et de la tectonique, tel qu’il se présente actuellement, dans le domaine des roches de 
transformation. 


CARACTERES DE L’ANALYSE TECTONIQUE 


Les trois catégories de roches et les phénoménes qui leur donnent naissance ont un aspect assez 
différent, suivant qu’on les regarde du point de vue tectonique, ou du point de vue pétrographique. 
- Ceci n’est pas seulement da a une différence de méthode, mais surtout a ce que le point de vue est 
différent et avec cela la structure logique de la classification et de l’interprétation. Loin d’étre un 
désavantage, cette circonstance a ceci d’heureux que les résultats obtenus par deux voies indépendantes 
peuvent tre comparés, se compléter et servir 4 un contrdle réciproque. Il est nécessaire pour cela de 
connaitre la structure logique des deux sciences. Comme un exposé plus complet dépasserait le cadre 
de cette communication, nous nous bornerons a caractériser bri¢vement quelques méthodes tectoniques 
employees dans les terrains cristallins; cet exposé, forcément schématisé, ne pourra pas remplacer une 
description plus détaillée donnée ailleurs. 

Pendant une période plus ou moins longue, une multitude de théories tectoniques eurent la faveur 
du public. Leur évolution et leur succession different de celles des théories pétrographiques par des 
caracteres essentiels. Plusieurs théories contribuérent a développer nos moyens d’investigation, 
d’autres ne laisserent de traces que dans quelques atavismes terminologiques. Plusieurs techniques 
de recherche se sont développées indépendamment des interprétations changeantes. On peut 


*p. 134: “..., dass nicht notwendigerweise eine von den, wenigstens bis jetzt bekannten, Aggregationsformen, 
worin sich die KOrper im fliissigen Zustande befinden, einer jeden Bildung oder Umbildung der festen KGrper vorangehen 
miisse, sondern, dass im Gegenteil die starre Form die Bewegungen der Stoffe nicht ausschliesse,”” p. 134-135: “Es 
kann und muss die Voraussetzung weggerdéumt werden, dass die Teile der Gebirgsmassen, hinsichtlich ihrer specifischen 
Beschaffenheit und dem Orte, den sie jetzt einnehmen, tiberall noch immer dieselben sind, wie im Augenblick, wo sie 
oder ihr Material einst aus gasf6rmigen oder feurigfliissigem Zustande, oder aus einer Auflésung in irgend einem 
neptunischen Fluidum hervorgingen.”’ On ne saurait mieux définir le principe des roches transformées. 


tp. 47: “...det er ikke Geologens Sag at forklare disse Processer ; han har for Tiden alene at erkjende dem som 
virkelig existerende.” 
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distinguer nettement une tendance générale vers les méthodes de Vanalyse géométrique, cinématique 
et chronologique. 

Sur le plan pétrographique, on tend de plus en plus vers l’application des régles de la chimie, de la 
physique et de la cristallographie; il en résulte une image dynamique basée sur la thermodynamique 
et d’autres théories permettant un bilan des énergies en jeu. Cette tendance suppose l’existence de 
systemes fermés et d’autres conditions, généralement non réalisées dans l’écorce terrestre. Pour jouir 
des avantages dun systéme fermé, il est nécessaire de se servir de lexpérience qui permet d’obtenir 
parfois des produits analogues a ceux de la nature. Encore faudrait-il, pour tirer des conclusions d’une 
experience, démontrer la similitude exacte (géométrique, cinématique et dynamique) du modéle réduit, 
ce qui serait parfois difficile, vu que certains facteurs ne peuvent étre agrandis ou réduits a volonté. 
Dans d@’autres cas, on met A contribution des artifices souvent trés ingénieux, p.e. en supposant un 
systéme fermé et en imaginant, par déduction, ce qui s’y passerait. 

Le célébre physicien écossais J. C. Maxwell a montré dans la seconde moitié du siécle passé la 
difference fondamentale entre un systéme fermé et un systéme non fermé. En adaptant les notions de 
Maxwell a notre probléme, on pourrait résumer cette note de la fagon suivante: /a pétrographie actuelle 
semble avoir dans beaucoup de ses branches la tendance a opérer avec des systémes fermés, tandis que 
les meilleures méthodes de la tectonique sont congues pour explorer des systemes non fermés. Les 
possibilités de la tectonique sont, de ce fait, limitées et sa structure logique en porte la marque. 

Considérons le réle des trois catégories historiques de roches sur le plan tectonique: les observations 
concernant leur forme, leur assemblage dans l’espace, leur structure interne dans les différents ordres 
de grandeur peuvent nous donner des renseignements sur les mouvements, les mobilités relatives et 
la succession des mouvements. 

La plus grande partie des observations ne nous donne que des dimensions et des directions, le plus 
souvent mesurées par rapport aux coordonnées géodésiques; la définition des mouvements se rapporte 
donc le plus souvent a des systémes de référence locaux ou régionaux, provisoirement reliés. 

Comme les autres sciences, la tectonique suit les principes de Descartes; elle divise les difficultés 
pour les vaincre. Pour classer les structures, elle en étudie, aussi soigneusement que possible, les 
relations spatiales. Elle les subdivise suivant leur forme et les répartit dans différents ordres de 
grandeur. Les éléments des ordres inférieurs remplissent ceux des ordres supérieurs. Les structures 
de grandeur différente se ressemblent dans certains cas; mais, le plus souvent, il ny a pas similitude. 
On ne peut donc pas généraliser de bas en haut ou inversément. Cette régle n’est malheureusement pas 
souvent observée, ce qui méne parfois a des extrapolations assez baroques. 

Puisqu’il n’y a pas similitude générale pour tous les ordres de grandeur, la plupart des objets 
tectoniques ont leurs dimensions caractéristiques, d’ailleurs assez variables, qui leur sont propres et en 
dehors desquelles on ne les trouve pas dans la nature (cf. Wegmann, 1947, p. 225-226). Ces caractéres 
donnent lieu a une classification dimensionnelle qui permet de considérer l’assemblage des objets 
tectoniques en organes dont les parties ne fonctionnent que dans le cadre de l’ensemble. Les objets 
ou organes ne sont pas des systémes fermés; ils font partie d’ensembles plus grands. La classification 
dimensionnelle permettra un jour d’introduire dans la tectonique des considérations dynamiques en 
se servant de l’analyse dimensionnelle. 

La prudence conseille d’analyser chaque ordre de grandeur par des méthodes approprices, ce qui 
permet de contrdler les résultats par des recoupements depuis le bas et depuis le haut. Ce sont aussi 
des raisons pratiques qui poussent a diviser l’analyse en différents ordres de grandeur; les techniques 
a l’échelle des cartes régionales et 4 l’échelle microscopique sont trés différentes. Comme beaucoup 
de chercheurs ne sont familiarisés qu’avec un certain nombre de techniques, le travail en équipe est 
_désirable; on €vite ainsi les extrapolations excessives souvent dues a l’insuffisance des connaissances 
techniques. : 

Les techniques peuvent étre groupées en trois séries de méthodes principales: (1) l'étude des formes 
et leurs relations dans l’espace, l’analyse structurale; (2) l’analyse chronologique et cinématique; 
(3) la tectonique comparée. 
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La majeure partie des structures observées est le résultat d’un grand nombre de mouvements, dont 
il s’agit de relier les traces en groupes synchrones et métachrones, ce qui permet de reconstruire une 
série d’images dans l’espace, échelonnées dans le temps. Les coupures de ce temps varient probable- 
ment d’une facon discontinue dans la plupart des cas, puisqu’elles ne sont déterminées que par des 
événements qui ont laissé des traces; on ne peut pas s’attendre a ce que ces évenements se suivent avec 
la régularité d’une montre. Les phénoménes isolés ne sont d’aucune aide; les méthodes permettant 
de relier les traces de mouvements sont donc particuli¢rement importantes. 

Les séries d’images ne montrent que des déplacements et des transports, mais pas de forces, 
d’énergies, de poussées, pressions et autres notions de l’arsenal des théories géologiques du passé. Ce 
manque de caractére dynamique les rend moins “ pédagogiques ” et moins spectaculaires, fait qui 
s’explique par l’amour atavique des humains pour la force et la puissance. Les séries d’images corres- 
pondent a celles d’un film qui ne montre que la succession des images. C’est 4 cause de l’interprétation 
instantanée et inconsciente que le spectateur croit voir un jeu de forces. Une grande partie des inter- 
prétations dynamiques en pétrographie et en tectonique ne sont que des interprétations inconscientes, 
souvent difficiles 4 éliminer. 

Les coordonnées fournies par les images dans le temps et dans l’espace limitent singuli¢rement 
extension, le déploiement des théories dynamiques avec leurs prétentions universalistes. Elles 
fournissent par contre des cadres a l’application rationnelle des régles de la chimie et de la physique. 

Aprés cette introduction forcément un peu abstraite, passons a un autre point ou les études sur la 
métasomatose et la tectonique s’entrepénétrent. C’est une image créée pendant un siécle par de 
nombreuses générations de géologues. 


NIVEAUX DE TRANSFORMATION ET D’ INTRUSION 


A la fin du 18e siécle, on reconnut que les massifs granitiques montraient tantdt des contacts francs, 
tantét des passages ménagés aux roches encaissantes. Les neptunistes et les plutonistes interpréterent 
ce fait 4 leur maniére. Le célébre géologue norvégien Keilhau considéra les passages comme une 
métasomatose (il a employé ce mot) et créa le terme de “‘ granitification ”’ (1836). 

L’école frangaise distingua un terme moins €volué, la feldspathisation. Elle sépara t6t l’action 
métasomatique de l’intrusion (Durocher, 1846; Virlet, 1846), la fixation d’un fluide mobile par une 
trame stable (Durocher, 1846, p. 557) du déplacement massif des matériaux mobiles entre les épontes 
plus ou moins solides. Ces masses pouvaient étre fondues ou formées par des amas cristallisés mobiles 
(a la maniére des glaciers). Delesse (1861, p. 547) résume ces observations de la fagon suivante: ‘* Les 
roches stratifiées peuvent se changer en roches métamorphiques, et, lorsque le métamorphisme est 
trés énergique, elles passent méme aux roches plutoniques les mieux caractérisées. Ainsi, par exemple, 
dans les roches a base d’orthose, le gneiss passe insensiblement au granite, et dans les roches a base 
d’anorthose, le schiste hornblendé passe a la diorite. Les roches plutoniques se sont done formées 
aux dépens des roches métamorphiques; elles représentent le terme extréme du métamorphisme 
général; elles sont l’effet et non la cause de ce métamorphisme.” 

Cette synthese fut confirmée par une multitude d’observations, accumulées pendant presqu’un 
siecle, dans les sections’ pratiquées par la nature a tous les niveaux des chaines précambriennes et 
postcambriennes. Elle permet de distinguer deux étages dans un segment de I’écorce terrestre: 

(a) celui de la formation des roches plutoniques par transformation, (b). celui de l’intrusion 
plutonique et parfois de l’extrusion. 

Ces deux étages sont reliés par des passages. Leur profondeur n’est pas fixe, mais varie pour un 
segment donne dans l’espace et dans le temps. C’est un des problémes les plus saisissants de la 
tectonique moderne de suivre le déplacement de ces étages a l’intérieur de l’écorce terrestre. 

Notre niveau d’observation est déterminé par la topographie actuelle; celle-ci recoupe dans une 
région donnée les traces de ces étages a plusieurs moments consécutifs de histoire. C’est ainsi qu’on 
distingue dans beaucoup de chaines de montagne, surtout dans les segments précambriens et calé- 
doniens, profondément découpés: les granites avant-coureurs, arrivés d’un étage inférieur situé a ce 
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moment au-dessous du niveau d’observation; les granites principaux, quand l’étage inférieur est 
remonte Jusqu’au niveau d’observation; c’est A ce stade que les transformations sont le plus visibles; 
les granites tardifs, quand la zone de transformation s’est retirée vers les profondeurs et envoie ses 
derniers messages jusque dans la zone de la topographie actuelle (cf. Wegmann, 1930, fig. 3, p. 71 et 
£939,p. 335). 

On constate donc un mouvement relatif des tages de transformation et d’intrusion par rapport 
au niveau d’observation. La profondeur de celui-ci par rapport aux anciennes surfaces topographiques 
doit €tre déterminée par d’autres méthodes. 

Les phénoménes de la transformation et de l’intrusion ont été arrétés A tous les stades de leur 
evolution, de sorte que l’anatomie comparée des formes et de leur structure interne est possible. Les 
facies des séries dans leurs différents étages sont caractéristiques. J. J. Sederholm les a décrits, photo- 


_ graphiés et dessinés; ses nombreux travaux fournissent une précieuse documentation. 


Les trois catégories de roches granitiques se distinguent au point de vue structural: les massifs du 
premier groupe sont déformés par des failles, des plis, des charriages, des laminages, etc.; les massifs 
du second groupe se substituent aux roches préexistantes tout en laissanlt souvent intactes les grandes 
lignes de la structure antérieure qui peut tre suivie a travers les ‘ taches granitiques ” de ce genre. 
L’importance de ce phénoméne, longtemps mis en doute ou amoindri par les partisans de la formation 


des grands massifs granitiques par différenciation et leur mise en place par des mouvements en masse, 


a été reconnue derniérement par Bowen (1947); sa théorie n’a pas encore réussi 4 en donner une explica- 
tion satisfaisante. Dans certains cas, la structure prégranitique est conservée a l’intérieur de espace 
granitisé, tandis qu’elle a évolué dans les régions non granitisées. Les intrusions du dernier groupe 
suivent des plans de séparation de la masse rocheuse (diaclases, fentes, failles etc.) au-dessus de la 
zone principale de transformation. Le réseau de ces remplissages tardifs fixe image des conditions 


-@anisotropie de l’étage supérieur a la fin de la période des apports endogénes. 


Les produits de la métasomatose nous aident a reconstruire la “* tectonique en mouvement” a 
Vintérieur d’un segment donné. Ce procédé peut étre comparé a certaines techniques modernes pour 
obtenir des préparations histologiques; en imprégnant les tissus ou en remplissant les interstices, on 
peut obtenir, soit l'image de la structure interne, soit un moulage, p.e. d’un réseau de fentes. La. 
métasomatose fixe dans beaucoup de cas des images structurales des différents ordres de grandeur 


qu il s’agit d’étudier par des techniques appropriées et de placer dans la série chronologique d’ordre 


local et régional. 

Cette chronologie des événements profonds ne peut étre fixée généralement que d’une fagon 
approximative dans l’échelle stratigraphique; il est parfois possible d’en préciser la position par la 
méthode de la “ synchronisation verticale ’ (Wegmann, 1947, p. 233). 

A ces notions tectoniques correspond sur le plan pétrologique la distinction entre les substances 
se déplacant a travers une roche plus ou moins solide et réagissant avec elle d’une part, et, d’autre 


"part, les roches résultant de la solidification finale d’une masse s’écoulant entre des épontes. II sera 
_ done nécessaire de distinguer entre la roche-héte, les substances d’apport et de départ, la roche mixte 
ou migmatite, ou, dans le cas de la formation de masses d’écoulement (plutoniques, subvolcaniques 


ou volcaniques): la composition de cette masse, souvent appelée le magma, qui se s€pare a son tour 


en plusieurs fractions lors de sa solidification: la roche et les composants mobiles (volatils) pouvant 


i® 


™ 


se fixer a leur tour en donnant lieu 4 des phénoménes de métasomatose d’une autre génération. Ces 
notions, créées en partie par les géologues frangais, il y a un siécle, parfois en des termes un peu 


_ variables, permettent encore aujourd’hui de placer les descriptions pétrographiques dans le cadre de 


évolution tectonique. Méme Rosenbusch semble faire la difference entre la composition des magmes 
et des roches puisqu’il affirme que le domaine de la pétrographie est la partie solide de l’écorce terrestre 
et qu’elle ne s’occupe des magmes que pour autant qu’ils donnent naissance a des roches ¢€ruptives. 
Il était réservé A une école moderne de créer une confusion fatale en désignant du nom “ type de 
magmes ”’ des analyses de roches et de se baser sur cette erreur pour ériger tout un systeme. 
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L’analyse cinématique de I’étage inférieur permet de distinguer deux catégories de phénoménes qui 
interférent d’une fagon complexe: 

(1) le déplacement des fronts de transformation ; 

(2) le transport des masses avec leurs structures quise déformenten partie au cours du déplacement. 

Ad (1) Les phénoménes d’un front de transformation sont complexes puisque nous avons @ une 
structure ou trame restée reconnaissable malgré les transformations subies par les substitutions 
chimiques; (b) des éléments qui s’y fixent; (c) des éléments qui en partent et (d) des éléments qui 
traversent l’espace en question. Le tracé actuel d’un front (p.e. sur une carte géologique) est la position 
extréme que le front en question a atteint. 

Pour reconstruire dans l’espace la forme des différents fronts, il est nécessaire d’en connaitre la 
succession; la connaissance de celle-ci est aussi importante que celle de la stratigraphie pour beaucoup 
de problémes structuraux. Les études de Reynolds (1946) sur l’échelonnement des fronts sont de la 
plus haute importance pour en saisir la forme et en reconstruire les mouvements. Comment peut-on 
fixer chronologiquement l’avancement des fronts dans une série? Trois méthodes se présentent: Page 
est fixé: (a) par le terrain le plus jeune atteint par le front et, d’autre part, par le terrain le plus ancien 
contenant des galets ou recouvrant en discordance les roches transformées; (b) par rapport a des 
déformations qui peuvent étre suivies et datées dans un niveau supérieur; (c) par des filons basiques 
traversant la masse rocheuse avant ou aprés le passage des fronts. Ces filons basiques représentent 
souvent les indicateurs les plus sensibles et sont précieux parce que certains montent dans les régions 
superficielles formant parfois des filons-couches ou méme des appareils volcaniques dans les terrains 
sédimentaires et permettent ainsi de placer les phénoménes dans l’échelle stratigraphique. De nom- 
breuses roches décrites sous le nom de lamprophyres ne sont autre chose que des filons basiques 
transformés. * 


Ad (2) L’étude des traces des déplacements de masses couvre tout le champ des méthodes et 
techniques de l’analyse structurale. Elle comprend tous les ordres de grandeur depuis ceux des zones 
orogéniques jusqu’a l’étude microscopique. Elle comprend aussi bien les plis et charriages, les failles 
et diaclases que les intrusions et extrusions des masses rhéomorphiques (Backlund, 1937) composées 
par des silicates, les phénoménes des mouvements saliféres et les déplacements donnant lieu a des 
volcans de boue, pour autant qu'il est possible de reconstruire leur forme, leur structure interne et le 
mouvement des parties par rapport a une systéme de référence. 


Les recherches structurales se poursuivent a toutes les échelles de grandeur. Comme les techniques 
appliquées aux différents ordres de grandeur ne sont pas identiques, les résultats obtenus ne dépendent 
pas directement les uns des autres. Il est donc possible de contrdler un échelon par l’autre (cf. Wegmann, 
1947, p. 226). Il est nécessaire de souligner cette possibilité de contréle parce qu’elle permet de réduire 
les extrapolations 4 un minimum. Quand on voit dans plusieurs travaux modernes des extrapolations 
de 1 : 100,000, on peut devenir sceptique a l’égard de certains travaux tectoniques. 


Trois espéces de surfaces nous permettent par leurs intersections de reconstruire l’image structurale: 
(1) la surface topographique actuelle ou surface d’observation ou de référence; (2) les surfaces de 
références anciennes aujourd’hui déformées (surfaces de stratifications, pénéplaines, filons, parfois 
aussi d’anciennes structures plus compliquées d’un stade antérieur définissable) dont la position actuelle 
permet de reconstruire le mouvement ou transport des masses; (3) les fronts de transformation 
traversant les structures de la deuxiéme catégorie. 


Le trace et la nature des intersections permettent de déterminer la profondeur relative de nombreux 
phénomenes observés et de les placer dans les images a trois dimensions. 


* Tl est parfois difficile de les distinguer d’une autre espéce de roche A caractére lamprophyrique qui prend naissance 
lors de la montée d’une roche basique dans une faille ; les bréches de dislocation de nature granitique peuvent étre 
assimilées en plus ou moins grande quantité et changer le caractére de la roche (cf. Wegmann, 1938, Fig. 42, p. 87). 
Les différents cas se distinguent par leur milieu géologique. Leur composition minéralogique peut montrer des types de 
convergence. 


50 


WEGMANN : METASOMATISME ET ANALYSE TECTONIQUE 


Il est clair qwune image essentiellement géométrique et cinématique contiendra un certain nombre 
de traits difficilement explicables par les théories dynamiques actuelles. Leur explication sera rendue 


possible, soit par le développement de la chimie et de la physique, soit par la division judicieuse en 
opérations partielles plus simples. 


LES CONTRIBUTIONS DE LA GEOCHIMIE 


L’image obtenue par l’analyse tectonique doit étre soumise a un contrdle par des recherches con- 
duites d’une fagon indépendante, mais a son tour adaptée a l’exploration de systémes non fermés. 
Les investigations de V. M. Goldschmidt (1928, 1932) et de son école remplissent en une large mesure 
ces conditions; elles ménent a la reconstruction des cycles montrant le passage d’un milieu a l’autre. 
Les milieux sont caractérisés par les proportions des composants, donc par des valeurs sans dimensions. 
La seule donnée spatiale des diagrammes est la profondeur relative par rapport a la surface de la 
terre. 

Les études récentes trés approfondies de Sture Landergren (1948) sur la géochimie des gisements 
de fer de Suéde reproduisent d’une fagon étonnante l'image résultant de la tectonique. Les études sur les 
cycles d’autres éléments, comme ceux de Landergren (1945) sur le bor, de Barth (1947) sur le fluor, 
de Rankama (1944) sur le tantalium et beaucoup d’autres relient les roches d’une certaine profondeur 
avec celles de la surface et confirment les cyles prévus par l’analyse tectonique. 


A part une vague indication des profondeurs, les diagrammes des cycles géochimiques ne donnent 
pas de coordonnées, ni de l’espace, ni du temps. Un premier pas vers une représentation spatiale a été 
fait par V. M. Goldschmidt (1928) comme résultat de ses études sur la géochimie de l’oxygéne. Ses 
considérations furent reprises par Brajnikov (1945) et par Barth (1948, a, b,); ce dernier en a déduit 
un nouveau procédé de statistique pétrographique qui est un grand progrés par rapport aux méthodes 
d’Osann, de Becke et aux imitations plus ou moins perfectionnées; ce progrés est comparable, dans le 
domaine de la minéralogie, au passage des formules chimiques classiques aux représentations des 
réseaux cristallins. Nous voyons la de grandes possibilités pour l’avenir. 


La géochimie évoluera certainement en profondeur par des méthodes de plus en plus raffinées; 
elle ne pourra élargir son champ qu’en fixant ses milieux et assemblages par rapport a des coordonnées 
de l’espace et du temps, construisant de cette fagon un pont vers le domaine de la tectonique. D’autre 
part, de nombreux chemins se dirigent depuis la tectonique a la géochimie; nous les exposerons ailleurs. 
De cette fagon, une géochimie tectonique d’une part, et une tectonique géochimique d’autre part 
prennent naissance. Les travaux d’approche de part et d’autre sont nombreux. Puissent-ils se 
rejoindre un jour! 
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DISCUSSION 


A. DemAy: Le Professeur Demay est bien d’accord avec le Professeur Wegmann sur le fait que nous ne pouyons 
pas, dans Il’étude des phénoménes de Ja tectonique profonde, dépasser le point de vue cinématique et définir les forces 
qui provoquent les mouvements. 

Il signale pourtant qu’a défaut de définition des forces, certaines relations peuvent parfois étre établies. L’ensemble 
de ses observations dans le Massif Central permet d’affirmer que les forces orogéniques en jeu dans la zone profonde 
étaient, au moins pour la part essentielle, de méme nature et de méme orientation que dans la zone supérieure, o la 
tectonique est normale, par exemple de style pennin. Ceci ne peut étre établi que dans les régions ot l’on observe le 
passage d’une tectonique normale 4 une tectonique profonde. 

Le Professeur Demay signale, d’autre part, qu’il utilise le terme de granite inereste | par opposition au granite profond, 
dans un sens large, assez différent de celui adopté par le Professeur Wegmann. Ce dernier sens semble correspondre aux 
granites diapires, définis par le Professeur Cloos et dont le déplacement par rapport aux roches encaissantes apparait 
clairement. 

Enfin le Professeur Demay est enti¢rement d’accord avec le Professeur Wegmann sur la nécessité d’étudier, dans un 
complexe cristallophyllien et cristallin, Pévolution orogénique en méme temps que les caractéres lithologiques ou purement 
magmatiques. Les méthodes uniquement lithologiques et statiques, utilisées parfois encore aujourd’hui, conduisent a 
une interprétation trés incomplete des phénoménes et méme a des erreurs. 

E. WEGMANN répondit: M. Wegmann est d’accord sur le troisiéme point. Quant au terme ‘ intrusion’ on l’emploie 
d'une facon différente dans différents pays : on peut se tenir a une terminologie consacrée par la tradition, ou alors on 
peut adapter aux connaissances actuelles. Intrusion veut dire mouvement en masse et on peut trouver les traces a 
Vintérieur ou a l’extérieur des massifs. Le premier point, la nature des forces reste probablement énigmatique, puisqu’on 


ne connait pas les forces qui ont donné naissance aux plissements, ni celles qui ont donné naissance aux structures 
profondes. 
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ABSTRACT 


L’auteur étudie le mécanisme possible des échanges intra-crustaux a I’échelle de la molécule. Il fait intervenir les 
phénoménes de diffusion et les variations d’énergie interne se produisant lors des changements polymorphiques. I] 


définit ainsi des états oligophasés hyper-diffusifs qui sont les conséquences directes ou indirectes des phénoménes liminaires 
décrits dans une autre note (section M). 


Cette théorie constitue une explication géophysique des phénoménes de granitisation et de migmatisation décrits 
par Sederholm, Wegmann et Backlund, ainsi que des “‘ fronts ” de Doris Reynolds. 


I. IMPORTANCE DES ETATS DE DESORDRE OLIGOPHASE 


IDE nombreuses théories ont été proposées sur le métamorphisme et l’évolution des magmas. 
Toutes ces théories admettaient généralement, comme postulat, que le phénoméne physique 

invoqué, unique et homogéne, reste constant, ou varie d’une facon linéaire, en fonction de la 
profondeur. 

Plus récemment, Ramberg [14] a calculé, par les méthodes de la thermo-dynamique, la répartition 
des éléments mobiles en fonction de la pression. Pour cela, il considére comme fixes, certains éléments 
composant la trame. Barth pose comme postulat que la trame était constituée par un réseau d’oxygéne 
au milieu duquel circulent des cathions. 

- Ces derniers travaux constituent un progrés considérable; mais les résultats calculés correspondent 
a des conditions d’équilibre idéales, difficilement atteintes. Il est, de plus, nécessaire de tenir compte 
de deux phénoménes importants pour la Pétrogénése profonde. ; 

(a) Au-dessous d’un certain seuil P.T.X. (pression, temperature, concentration), l’équilibre prévu 
_ par la thermodynamique classique ne peut étre réalisé, la matiére restant en état de faux équilibre. 
L’augmentation de la viscosité avec la pression peut provoquer un retard considérable, et méme un 
arrét dans le retour a Il’équilibre. 

(b) Chaque fois que la matiére présente un changement allotropique, on a constaté expérimentale- 
ment que son activité chimique et son pouvoir de diffusion, étaient augmentés dans de fortes propor- 
tions. Les états naissants et les états de tension dirigés (shearing stress) conduisent a des résultats 
analogues. Le milieu est réactivé 4 V'intérieur de la zone de transformation allotropique. Pour un faible 
intervalle de température et de pression, certaines propriétés, comme la diffusion, peuvent ainsi devenir 
~ 3,000 fois plus importantes. A 573°, une variation de quelques degrés transforme le quartz a en 
quartz 8. De méme d’importantes transformations allotropiques se produisent pour de faibles aug- 
mentations de pression. 

Méme pour un cristal idéalement parfait, on passe ainsi brusquement de lordre cristallin a un 
- état de désordre. Pendant la phase de désordre, au-dessus et au-dessous de la température de transfor- 
mation, l’énergie potentielle du réseau est minimum pour l’état initial et l'état final; elle passe par un 
maximum entre les deux états (Figs. | et 2). 

Dans cet “‘ état de désordre,” la matiére n’est, ni cristallisée, ni liquide, ni gazeuse, dans le sens 
attribué A ces mots a échelle humaine. Afin d’éviter des analogies, entachées d’anthropocentrisme, nous 
_ avons nommé [8] état oligophasé tout état de désordre statistique rendant Vensemble du milieu diffusible 
et réactionnel, quelles que soient les causes qui provoquent cet état. | 

En outre, 4 partir d’une certaine pression, un deuxieme phénoméne s’ajoute aux changements 
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Fic. 1.—Variations de la chaleur spécifique au passage de l'état ordre—désordre par changement de 
structure d’un alliage métallique. 

En ordonnées : la chaleur spécifique ; en abcisses : la température (d’aprés Moser). 
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Fic. 2.—Schéma montrant les différents états de la matiére en fonction de énergie potentielle 
électronique et de la distance interatomique. 


En ordonnées : l’énergie du systeme ; en abcisses’: la “ fonction de configuration ” qui dépend de la distance 
interatomique. (Ce schéma est destiné 4 montrer les relations entre les différents états, depuis les conditions de la surface 
terrestre (4 droite A), jusqu’au noyau terrestre (4 gauche D), En augmentant la pression (de droite A gauche), on passe 
successivement par des états allotropiques I, IT, III, séparés par des phases oligophasées A, B, C (quadrillés), Au-dela 
de l'état III, les orbites électroniques extérieurs sont fortement perturbés et on passe dans un état spécial qui est celui du 
noyau terrestre (D). 
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allotropique; les champs interfaciaux sont renversés (anamigmatisme). Dans les expériences de 
laboratoire, la durée des états oligophasés est extrsmement courte et par suite leurs effets sont limités. 
Au contraire, dans les processus géologiques, les cristaux peuvent rester a l’intérieur de la zone de 
transformation pendant des temps trés longs. La prolongation de l’état de désordre correspondant, 
produit des transformations qui seraient négligeables dans les expériences de laboratoire. Au cours 
dune durée géologique, la diffusion provenant des cristaux a l’état de désordre s’étendra a une distance 
plus ou moins grande de ceux-ci. Un phénoméne d’autocatalyse peut s’amorcer. La variation brusque, 
dfie 4 ces phenoménes, est indiquée sur la Fig. 3 entre les profondeur B et C. 

Les données expérimentales modernes sur les éléments formant les roches sont encore insuffisantes 
pour permettre de définir, rigoureusement, les profondeurs auxquelles se passent de tels phénoménes. 
Néanmoins, on peut établir leur ordre de grandeur. 

La transformation du quartz a en f, a 573°, correspond a une profondeur de 20 4 25 kms. environ. 
Pour une pression de 2,500 a 4,500 kg. cm.? (10 4 15 kms.) un certain nombre de substances artificielles, 
telles que A,I et C10*C;, subissent des transformations polymorphiques nettes. 

Pour des pressions beaucoup moins élevées de 150 kg./cm.?, Wyart a mis en évidence des trans- 
formations de silice vitreuse en cristobalite et de cristobalite en quartz, en presence de vapeur d’eau 
potassique a 340°, ce qui correspond a des profondeurs de 12 kms. Sous 2,400 kg./cm.? (10 kms.), on 
observe une diminution de la tension interfaciale au contact eau-mercure. Le nombre considérable des 
constituants intervenant dans l’écorce terrestre facilitera de telles transformations, et les états de 
désordrecorrespondants. Il est donc légitime de supposer que les swractivations dies aux transformations 
allotropiques, aux renversements des tensions interfaciales, 4 la pression d’eau supercritique, jouent 
un réle important a des profondeurs ot les géologues situent les phénoménes de pétrogénése profonde 
(migmatisation, granitisation, différenciation regionales). 

Avant de discuter les théories pétrogénétiques, il est done nécessaire de déterminer les pressions et 
températures, dans l’intervalle desquelles les phénoménes physiques peuvent agir géologiquement. 
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‘1G. 3.—Variations en fonction de la profondeur de la durée de différents phénomeénes, pour une 
intrusion sous 1 m. d’épaisseur. 

En ordonnées : les profondeurs ; en abcisses : les temps, en annees. Courbe I, temps de cristallisation total de 
Vintrusion. Courbe II, durée de la chute d’une particule de 5 cm. de rayon traversant les 20 m. d’épaisseur de 1 intrusion. 
Courbe III, durée de diffusion nécessaire pour que Jes ions provenant de la paroi amenent a un etat d’équilibre homogéne 
F . 


la totalité de l’intrusion. 
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II. ANALYSES DIMENSIONNELLES DES PHENOMENES INTRACRUSTAUX 

Nous avons essayé dans la figure, ci-jointe (Fig. 3), de définir le rdle de trois sortes de phénoménes 
pouvant intervenir dans la pétrogénése. 

(a) La vitesse de chute en fonction de la profondeur des cristaux dans un magma fluide tel que 
le prévoit la théorie de la cristallisation-différenciation (Bowen, Niggli). 

(b) La vitesse de diffusion en fonction de la profondeur. 

(c) La vitesse de refroidissement des intrusions. 

Les données expérimentales certaines que nous possédons actuellement pour établir de telles courbes 
sont encore peu nombreuses; aussi la figure 3 s’appuie autant sur les résultats géologiques que sur 
les données de la physique.. Les courbes en question ont été établies pour une intrusion ayant 20 m. 
d’épaisseur et offrant en surface, une différence de température de 800° avec milieu ambiant. Les 
abcisses représentant les temps en années (échelle logarithmique) et les ordonnées les profondeurs. 
La courbe I donne la durée de la cristallisation complete de cette intrusion en fonction de la profondeur. 
La courbe II, donne le temps qu’un cristal de 5 cm. de rayon mettrait pour traverser les 20 m. d’€pais- 
seur de l’intrusion, sous l’action de son propre poids. La courbe HI indique la durée nécessaire pour 
que la diffusion des atomes provenant des parois produise une homogénéisation complete sur les 
20 m. d’intrusion et un état d’équilibre par rapport au milieu ambiant. 

Dans la partie supérieure de la crotite terrestre, la vitesse de chute des particules dans un magma 
immobile en cours de refroidissement, peut théoriquement étre assez grande pour qu'il se produise, 
avant le refroidissement total, une différenciation sur l’épaisseur de 20m. Toutefois cette chute est 
ralentie ou arrétée si le milieu présente des courants de convection comme cela est probable. Au-dela 
d’une certaine profondeur que nous fixons pour le moment entre 8 et 12 kms., la vitesse de chute | 
semble insuffisante pour amener une différenciation sur la hauteur d’une petite intrusion (20 m.). 

Dans cette partie supérieure de la crofite, les phénoménes de diffusion a l’état solide assez lents, 
produisent seulement des transformations au contact entre les différents minéraux (réactions rims) 
ou sur les bords immédiats de l’intrusion (O m, 50 a 3 m. au Djebel Arroudjaoud). 

Au-dessous de la profondeur B (crofite supérieure), la vitesse de diffusion augmente brusquement 
par suite des phénoménes producteurs de désordre invoqués précédemment. C’est la zone dynamo- 
sensible (D.S.). A cette profondeur, la totalité de l’intrusion peut étre transformée par diffusion avant 
la fin de sa cristallisation si le processus de cristallisation est normal, le refroidissement suit la courbe IA; 
mais si l’on tient compte du ralentissement di aux transformations allotropiques, on doit admettre 
la possibilité d’une courbe de solidification IB. 

Ce schéma montre l’influence de la pression dans ces phénoménes de transformation profonde. 
L’influence du temps est non moins appréciable. Si le phénoméne dure 10° années, la diffusion devient, 
au-dela de 15 kms. de profondeur, le phénomeéne dominant, agissant sur de grandes masses. On y voit 
nettement que les grandes €volutions pétrographiques régionales peuvent étre dues a la diffusion 
suivant un mécanisme qui sera précisé plus loin. Ainsi se formeront les provinces pétrographiques et 
les séquences des roches éruptives. Le métamorphisme général, la granitisation se produisent de 
méme, dans la zone ot la diffusion est le phénoméne dominant. Les phénoménes de pétrogénése 
peuvent donc avoir des mécanismes différents suivant les échelles de temps et d’espace. 


III. EQUILIBRE CORTICAL ET METAMORPHISME GENERAL 


Dans une écorce ot interviennent seulement des gradients de pressions, sans transformation 
allotropique ni apport extérieur, les calculs de Ramberg [14] et de Barth [3] précisent I’état d’équilibre 
final obtenu par une €volution lente et réversible. Par contre, s’il apparait, en un point quelconque 
de l’écorce des perturbations d’origine soit interne, soit externe, le gradient de répartition des cathions 
n’obéit plus aux lois de Ramberg et de Barth, car des phénoménes différents de ceux admis par ces 
auteurs, peuvent alors intervenir a l’échelle atomique. 

(a) Eléments perturbateurs d’ordre interne——Au niveau ot se produisent les transformations 
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allotropiques ou des inversions de champs interfaciaux, la migration des éléments est fonction de 
la distance, 4 la zone de perturbation (migmatisation—granitisation). 

La repartition véritable des cathions pourra ainsi étre l’inverse de celle prevue en fonction du champ 
de la pesanteur, d’aprés les calculs de Barth [3] ou par la cristallisation-différenciation. Prenons, 


par exemple, le cas du Massif Central en calculant par la méthode, si précieuse de Ramberg [14]. 
de la cellule oxygéne standard, les analyses publiées par M. Roques [18]. 


On constate, d’aprés le diagramme, ci-joint (Fig. 4), que le quantité de cathions varie en sens 
inverse de ce qui est prévu d’aprés le champ de gravité. La zone de migmatisation qui représente 
la partie profonde de la zone de métamorphisme, a le moins grand nombre de cathions de toute la 
série. Ainsi, la zone de migmatisation parait correspondre a un foyer d’hyperdiffusion d’ou émigrent 
les cathions vers les parties supérieures. Ceci confirme entiérement les conceptions des partisans 
du transformisme crustal, avec Backlund [2], Reynolds [15], Kranck [12], Rittmann [17], Wegmann [19}. 

Trois facteurs principaux fixent la répartition des cathions en cours de migration, la grosseur 
relative des ions, leur tension électropositive et leur affinité avec ’oxygéne. Si l’on veut établir les 
lois de ce phénoméne, il faut utiliser non la thermodynamique classique des fluides, mais la mécanique 
statistique du type Boltzmann, en y introduisant des facteurs d’interaction atomique et moléculaire, 
comme cela a été fait pour les calculs d’énergie intercristalline. 

(b) Perturbations d’ordre externe—Pour illustrer le réle d’un apport d’origine externe dans la 
zone superficielle, nous prendrons un exemple bien défini [8], celui du laccolite du Djebel Arroudjaoud 
(Algérie). Cette intrusion de roche grenue (granite et monzonite, quartzique), forme un laccolite 
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Fic. 4.—Variation du nombre de cathions dans les formations métamorphiques du Massif Central. 


1, migmatites ; 2, granites intrusifs ; 3, gneiss ; 4, roche métamorphique ortho (amphibolite, etc.) ; 5, schistes et 
micaschistes. En ordonnées : le nombre de cathions pour 160 atomes d’oxygéne (cellule standard de Barth). En abcisses : 
la quantité d’atomes de fer dans la cellule standard d’oxygéne. Analyses de la these de M. Roques. 
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d’environ 250 m. d’épaisseur a l’'intérieur des marnes miocénes. On connait la partie supérieure 
et la partie inférieure du laccolite, ainsi que sa cheminée. 

Etant données les conditions géologiques locales, la masse éruptive a dai s’injecter dans les marnes 
parallélement a leur stratification. Il ne peut étre question ici d’un front de granitisation. L’intrusion 
a di se produire 4 moins de 800 m. de profondeur. La modification de marnes miocénes s’est étendue 
4 environ 50cm. au toit et A 3m. a la base. Sur cette épaisseur relativement minime, des apports 
de silice, d’alumine, de fer et de magnésie se sont produits, en formant plusieurs fronts (Fig. 5). 

A la partie supérieure, nous n’avons distingué qu’un front de migration, on peut en séparer 3 
4 la partie inférieure. Les deux premiers fronts (Si, Fe et Al, Mg) paraissent s’étre produits par 
diffusion, 4 l’état solide, en donnant des cornéennes, tandis que le troisiéme (Ca) correspondrait 
a une phase pneumatolitique ultime, ayant donné des sphérolites de prehnite. La différence d’épaisseur 
du métamorphisme au toit et au mur, ainsi que la durée probable du refroidissement du laccolite, 
permettent de donner un ordre de grandeur de la vitesse de diffusion de ces éléments de 2 m. par 
108 années, a la partie inférieure. 


IV. METASOMATOSE PROFONDE ET FORMATION DES MAGMAS 


Les échanges diffusifs que nous venons d’observer entre une intrusion éruptive superficielle et 
des marnes, doivent augmenter en profondeur. Ils atteindront un maximum aux niveaux ot V’intrusion 
traverse une zone de désordre oligophasé. Le milieu simique s’enrichit alors plus rapidement en 
silice et en éléments alcalins par une diffusion sélective analogue a celle du métamorphisme général, 
tandis que les parois sialiques limitant l’intrusion, regoivent des éléments cafémiques. 
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Fic. 5.—Phénomene de métamorphisme aux parties inférieure et supéri j i 
é | iperieure du Laccolite du Djebel 
Arroudjaoud ( feuille de Cherchel), Algérie. % 


En ordonnées : les distances au-dessus et au-dessous du contact entre les marnes miocénes et les roches grenues 
(épaisseur du laccolite L : 225 m.). En abcisses : pourcentage de différents éléments chimiques (Fe, Na, K, CO,, Al, Si) 
{échelle spéciale pour SiO,). A, diopsidite feldspatique ; B, cornéenne a sphérolites de piehnites ron Conn 
prehnite ; D, marnes du Miocéne moyen (marnes carténiennes). ny aii 
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Ce phenomene d’échange (contamination, transfusion, hybridation) entre un sima intrusif 
et les roches encaissantes, a été invoqué par de nombreux volcanologues: Anderson [1], Daly [4] 
Harker [9] Holmes [10], Kennedy [11], Richey [16], Rittmann [17], Wegmann [19], etc Nowe vas 
oe la necessite de ce phénoméne dans le cas du massif volcanique du Mont-Dore. La conception 
del ctat paeobhase apporte une explication physique aux faits géologiques invoqués par les auteurs 
precedents. Si Pon admet la “‘contamination”’ des magmas, il devient logique de chercher les rapports 
et les differences existant entre ce phénoméne et le métamorphisme. id 
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Fic. 6.—Evolution d’un volcan complexe sialo-simique. 


Figures commun 4 toutes les figures : I, sédiment ; 2, socle primaire ; 3, diffusion du métamorphisme général ; 
4, niveau de migmatisation ; 5, migma granitique ; 6, filons et coulées de basalte ; 7, intrusion basaltique profonde ; 
8, volcan rhyolitique ; 9, granite intrusif ; 10, zone de diffusion péri-basaltique. 
Fics. A et B: intrusion simique et formation de filons et volcans basaltiques. Fics. C et D : montée des plutons 
granitiques et volcans rhyolitiques en surface. Les autres magmas sont déja des magmas hybrides 
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Or les éruptions volcaniques représentent des prélévements successifs dans le milieu profond 
en voie d’évolution. L’étude des séquences volcaniques permettrait ainsi d’établir une chronologie 
exacte des phénoménes de métasomatose profonde. Les volcans de surface peuvent en effet tre 
datés avec une précision relative plus grande que les phénoménes métamorphiques profonds. Mais 
4 la diffusion atomique du métamorphisme s’ajoute le déplacement en masse, des magmas éruptifs. 
Nous allons montrer que le 2 éme phénoméne est Paboutissement du premier. 

En effet, les magmas profonds, riches en cathions arrivent dans les régions supracrustales avec 
des températures plus élevées que le milieu ambiant. La zone dynamosensible (D.S.) en état de désordre 
oligophasé déja réactivée, vit son niveau énergétique, augmenter brusquement par le déséqui- 
libre chimique ainsi produit et par apport de température de la masse intrusive [20]. 

Cette réactivation et l’accroissement de la température ne se traduisent par seulement par des 
réactions chimiques et des phénoménes de diffusion. La viscosité du milieu sialique oligophasé 


Cathions 
A 1X 


WoO 


A 
! ve ee - E 
a= ¢ — e 4) 
| PA i MR eee aS th 
! SS EEL, 
igi Vive» e Ones 
<p er oeeeD 2 
ce At) 


v e 
e@ 
Hybride 


3 
Does aie | - 
a ie r 
Se SL: Oumar DTS US ee 
a om m oy | Ele (Cha Sha ORES Age 
< Sh << 
Mm P) Q 
a * Xx 0 ° ays ee 
4 2 3 4 D 6 P & 


Fic. 7.—Evolution des magmas du Massif du Mont Dore. 


En ordonnées : le nombre de cathions pour 160 atomes d’oxygéne (cellule standard de Barth). En abcisses : les 
dittérentes phases geologiques éruptives, d’A4ge miocéne et quaternaire (pour plus de détail voir L. GLANGEAUD, Bull 2 
géol. France., 5° ser., 13, pp. 419-440, 1943. 1: migmatite primaire du socle, calculée d’aprés les analyses de Roques [18)- 
2, idem: roche intrusive simique d’age primaire ; 3, roches simiques d’age cligocéne et miocéne inférieur (P ; 
de St. Sandoux); 4, basanite d’age aquitanien de Gergovie ; 5, roches éruptives du Massif du Mont Dore : 0, rh aes 
S, sancyite ; Di, D2, Doréite ; T2, trachyte et phonolite ; a, andésite ; w, ordanchites ; f, basaltes ch bade 
6, évolution par hybridation ; 7 et 8, montée directe des magmas sialiques et simmuee hans modification fa 
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diminue aussi rapidement. Elle peut atteindre localement le seuil de fluidification au dela duquel 
la partie la moins visqueuse monte a travers la plus visqueuse. 


En effet, ainsi que l’ont montré les études modernes de Darmois [5], Eyring [6], de l’Ecole de 
Princeton, etc., la viscosité et la plasticité du milieu sont liées aux coefficients d’activation. 

La plastification du milieu se produira d’abord dans une zone limitée autour des intrusions simiques 
et formera comme une sorte de gaine autour de celles-ci (Fig. 6). Quand ces plutons granitiques 
dorigine palingénétique, arrivent en surface, ils donnent les démes rhyolitiques bien connus dans 
un certain nombre de volcans complexes ov ils sont intercalés entre des venues basaltiques provenant 
d’une profondeur differente (Fig. 6). 

Mais, en méme temps, au voisinage des intrusions basaltiques, se produit une intense métasomatose, 
au niveau de la zone oligophasée entre le migma granitique et l’intrusion basaltique. Ce phénoméne 
tend a redonner des roches hybrides, par diffusion réciproque des éléments, Les deux exemples que 
nous avons déja publiés sur le Massif volcanique de Mont Dore (Fig. 7), dans le massif Central de 


la France et dans la bordure littorale de l’Atlas algérien (Fig. 8) montrent la similitude de l’évolution 
des magmas dans ces deux régions si différentes. 


Cathions 


: ' 
o< lata 
Ee 
Sima Wal ee ee oe Ba 
eee SG) | i 
i hes 
| | | | 
ADO + | | 
et SK ale 
| | ry 
| | oN, S | i 
Hybride | | pa | 
iy ‘ “ 5 | | 
Mul ie wl 
. 9 x la i | 7 
A! \ | 
‘——--- + 
| ae weal l 
! 
a ofan = 
ie A I Dag 
Sial | I 
ame 
Wes azo ms 
hy 
90 \ \ e e 
Ge OVE Burd. ‘ Vind. inf. “Vind.sup. Sahelien 
* 4 © ° + =? east 


JAmOmerse ets = ~ * G ia 


Fic. 8.—Evolution des magmas dans la région littorale de la province d’ Alger, pendant le Miocene. 


En ordonnées : cathions pour 160 atomes d’oxygene. En abcisses : les temps géologiques. Pour plus de detail voir 
notice L. GLANGEAUD, carte géologique Alger au 500,000° (Bull. Serv. Carte géol. Algérie, 1939 et HraYaum anteristtay 
1, roche simique et hybride d’age primaire ; 2, roche sialique d’age primaire ; 3, roche intrusive simique : age miocéne 
(dolérite A olivine); 4, roche d’épanchement d’age miocéne : p=thyolite : d=dacite et dacitoide 2 WEEE 
labradorite ; 5, roche intrusive d’Age miocéne supérieur (granite et monzonite quartzifere, etc.) ; 6, phénoméne d’hybri- 
dation ; 7, montée directe du magma sans modification. 
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Il est a noter que, dans les deux cas, nous connaissons le socle ou ont dai se produire les phénomenes 
de palingénése. D’intéressantes analogies existant entre les formations du socle (triangle) et les produits 
volcaniques tertiaires provenant, soit de la palingénese du socle (rhyolite, granodiorite), soit de la 
contamination des magmas basaltiques (sancyite, doréite, trachyte, phonolite, etc.). eis 

Si l’on en juge par la vitesse d’évolution des magmas du Mont Dore et de l’Algérie, la durée néces- 
saire pour une telle contamination est de l’ordre de grandeur d’un tiers a un quart du Phocene ou 
d’un étage du Miocéne. Elle sera de l’ordre de 2 a 5. 10° années, d’apres la chronologie d Holmes 
[10]; Ainsi le phénoméne de métasomatose profonde serait géologiquement rapide. En effet, la durée 
du Cambrien serait dans la chronologie de 20 a 30 fois plus longue que l’evolution du Mont Dore. 
Seule une analyse trés fine du phénoméne profond comme l’ont fait Wegmann [19], les Scandinaves 
et l’Ecole d’Edimbourg, permet donc d’obtenir des résultats réels dans le métamorphisme. Une 
chronologie trop grossiére ou des courbes purement chimiques risquent de superposer plusieurs 
processus successifs et différents. Un tel “‘ mélange ” artificiel n’a plus aucune signification géologique. 


V. VITESSES RELATIVES DES DIFFUSIONS IONIQUES 


Ainsi les vitesses différentes de diffusion de chaque élément représentent le phénoméne dominant, 
pour l’évolution des magmas volcaniques comme pour le métamorphisme. Peut-on pousser plus 
loin les analogies et trouver, dans les séquences volcaniques, des rhythmes rappelant les fronts de 
migration chimique de Backlund, Doris Reynolds, Wegmann. Une telle étude ne peut encore étre 
actuellement qu’ébauchée. Néanmoins, dans le Mont-Dore, il semble apparaitre des variations 
chimiques de deuxieme ordre dans les phases d’hybridation (CA) (SA) (OR). Ces “ pulsations ” café- 
miques et alcalines pourraient étre, dans le volcanisme profond, l’analogue des fronts de migration 
chimique du métamorphisme général. 

En effet, comme nous l’avons vu, la pétrogénése profonde n’obéit généralement pas aux lois simples 
de la thermodynamique des solutions. 

Wegmann [19] a bien montré en 1933, 1934, que les cathions de petites dimensions sont plus mobiles 
que les gros anions. Ces derniers constituent donc, par rapport aux premiers, un réseau presque 
stable. Il est, en cela, d’accord avec Ramberg et Barth; mais la vitesse de migration des cathions 
dans ce réseau, dépendra de plusieurs facteurs. 

(1) Les cathions les plus petits peuvent évidemment traverser plus facilement les mailles, ainsi 
que l’ont supposé plusieurs auteurs a la suite de Goldschmidt [7] et notamment recemment Lapadu- 
Hargues [13] mais la grosseur des cathions n’est pas un fait concret et rigoureux. C’est une image 
statistique, commode dont on ne doit pas abuser. Il faut tenir compte des phénoménes ioniques, 
qui modifient considérablement les sphéres d’action des atomes, de la déformation de celle-ci et de 
la polarisation concomittente. 

(2) L’affinité avec Poxygéne a la température métallurgique retient les cathions les plus oxydables 
(Ca, Mg, Al, Si). 

(3) La tension de polarisation—A température moins élevée les ions les plus électropositifs sont 
retenus plus facilement par les chaines (SiO,)—Les plus électropositifs sont rangés dans l’ordre de 
positivité décroissante: K (2, 9), Na (2, 7), Ca (2, 7), Mg (1; 5), ete. 

(4) La densité dans le champ de la gravité, est fonction de I’état ionique, car les dimensions de 
l’atome varie dans cet état. 

(5) Le nombre de transport joue aussi son role :— 

Une partie des métaux peuvent avoir ainsi au moins deux comportements suivant la profondeur. 
Par exemple, pour Ca et Mg: a haute température, c’est leur affinité, avec l’oxygéne qui les retient 
(scorie d’oxydation). A température plus basse, c’est la tension de polarisation qui entre en jeu et 
ils émigrent plus facilement. Il en est de méme pour Si. Ainsi les migrations sont différentes dans le 
métamorphisme a faible profondeur du Djebel Arroudjaoud, ou le Si est trés mobile (Fig. 5) et dans 
le métamorphisme général (Fig. 4) ow le Si reste fixé dans les chaines (SiO,). 

62 


GLANGEAUD : THERMODYNAMIQUE DE LA PETROGENESE 


Diaccord avec Wegmann [19], on peut considérer du point du vue de la profondeur, deux zones 
successives de metasomatose profonde. Dans la zone supérieure des Fig. 3 et 6, une partie seulement 
des cristaux est transformée, la trame W@oxygéne est relativement stable et les cathions diffusent 
notamment en fonction de leurs dimensions par rapport au réseau et de leur tension électropositive. 
Les cristaux sont ainsi entourés d’une gaine d’ions émigrants formant ie film intergranulaire de 
Wegmann. C’est la zone que l’on peut qualifier de zone de métamorphisme général qui exige un 
temps relativement assez long pour se développer intégralement. 

Mais le stade du film intergranulaire est dépassé en profondeur ow toute P’épaisseur des réseaux 
cristallins s’est perturbée. Au commencement de I’évolution, les éléments qui pourront se dégager 
le plus rapidement sont le Fe et Mn, étant donné leur position dans la liste des affinités électropositives 
Fe = 0,43, Mn = I, v, 08. Aprés le Fe, ce sont les ions basiques Mg (7, 55) et Ca (2, 7) qui tendront 
a émigrer. 

Ils donneront ce que Reynolds a appelé des fronts basiques. Nous en avons constaté l’existence 
dans les quartzites de la zone des schistes lustrés dans la région de Bastia (Corse). A une profondeur 
plus grande, l’état de désordre a tendance a gagner toute la masse par un phénoméne d’autocatalyse. 
Les gros ions alcalins, Na, K, électropositifs avec (2, 7) et (2, 9) e.v. deviennent eux-mémes mobiles. 
Cest le front alcalin de Doris Reynolds. 

Ainsi, au-dessus, de la zone de granitisation, les fronts de migration donnent des roches enrichies 
en cathions. La zone de migmatisation est, au contraire, appauvrie en cathions, comme le montrent 
les diagrammes du Massif Central (Fig. 4). La zone de granitisation a donc, d’abord perdu tous les 
cathions en excédent par rapport a la composition sialique normale. Le milieu s’est homogénéisé. 
Cest le migma granitique ayant acquis la composition chimique d’un granite moyen. II est, a ce 
moment, a l’état oligophasé. Dans cet état, les chainons SiO,—libres comme dans un verre, sont 
entourés surtout d’ions Na, K, monovalents ayant la plus forte tension électropositive avec des résidus 
plus ou moins abondant de cathions migrateurs: Ca, Mg, Fe. 

Ce n’est que secondairement, sous des pressions plus faibles, que ce migma cristallisera comme 
un verre ou montera vers la surface, sous forme de magma du type fondu. 


CONCLUSIONS 


Un mécanisme de diffusion a l’échelle atomique basé sur des données expérimentales de la physique 
atomique moderne réunit dans une théorie homogéne, les faits géologiques du volcanisme, de l’évolu- 
tion des magmas, du métamorphisme et de la granitisation. L’avenir dira ce que l’on peut conserver 
de cette hypothése de travail. 
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DISCUSSION 


L. NELTNER demande a M. Glangeaud sur quelle bases ont éte établis les diagrammes presentés relatifs aux variations 
de temperature et de vitesses de diffusion. 

L. GLANGEAUD: Les diagrammes presentés font intervenir deux éléments : (a) Des éléments quantitatifs experi- 
mentaux sur les variations des propriétés des solides au voisinage des zones de transformation allotropique. (6) Des 
données geologiques et petrogenetiques. L’auteur a notamment utilisé les beaux travaux de I’Ecole Scandinave et de 
Ecole Ecossaise sur les migmatites et le métamorphisme. 


DIFFERENTIAL MOBILITY OF COMPONENTS AND 
METASOMATIC ZONING IN METAMORPHISM 
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ABSTRACT 


The metamorphism of silicate rocks proceeds only with the aid of ascending solutions, which may either rise through 
a system of fissures or percolate through rock masses. In the first case metasomatic diffusion-zoning develops along the 
fissures. In the second case metasomatic filtration-zoning develops, depending on the alteration of solutions that penetrate 
through the rock. Besides that, certain rocks may react with each other, with the participation of the components of 
ascending solutions and resultant formation of contact metasomatic diffusion-zones (skarn, lazurite and other contact 
zones). In all these cases rock replacement proceeds discontinuously, with the simultaneous growth of several sharply 
defined zones, composed of reaction minerals. From zone to zone the number of minerals gradually decreases down to 
the most altered monomineralic zone. This is due to the differential mobility of components, thought to result mainly 
from the differences in their respective solubilities. 

Attention is directed to the evidence of accumulation of the less soluble components in definite zones and to the 
phenomenon of metasomatic contraction of rocks. Filtration-zoning differs from diffusion-zoning in the possibility of a 
direct deposition of certain minerals from solution and in the absence of equilibrium in zone boundaries. 


eee of metamorphic rock complexes shows that in metamorphism, at least of silicate 
rocks, ascending solutions always take part. This conclusion is supported by the fact that 

metamorphism is always displayed non-uniformly, being more intense along certain zones and 
weaker, or even completely lacking, elsewhere ; the more intense metamorphism (recrystallization) is’ 
always accompanied by a partial change in the chemical composition of the rocks, i.e. the phenomena 
are metasomatic. Sucha lack of uniformity cannot be accounted for by a non-uniform distribution of 
temperature, of deformation or of groundwater content ; it thus points to the necessary participation 
of ascending solutions which saturate the pores of rocks of definite zones, giving rise both to 
recrystallization of the rocks concerned and to a change in their chemical composition. In rocks 
in which the recrystallization process has not been completed, partly decomposed minerals often 
retain abundant microscopic inclusions of the solution that corroded them ; such, for instance, are 
the turbid feldspars, erroneously described as “ kaolinized.” 

The interaction between ascending solutions and rocks may be effected in various ways, two 
extreme possibilities being distinguishable. (1) The solution ascends an open fissure and permeates 
the pores of the wall-rocks. The interaction between the flowing solution in the fissure and the wall- 
rocks is implemented by diffusion through the immobile pore-solutions of the walls of the fissure. 
Such a fissure—wall-rock metamorphism is particularly characteristic of low temperature conditions, 
when fissures are readily formed and rocks are poorly permeable to the flow:of solutions. (2) The 
solutions uniformly percolate through the rocks so that each grain of rock directly interacts with the 
flowing solution, without any essential participation of diffusion processes. Such a mechanism is 
- characteristic for high and medium temperature conditions, when the rocks are more permeable to the 
solutions and the formation of fissures is impeded. 

It is probable that in reality the most common mechanism of metasomatism is a combination of 
the two limiting cases outlined above. On the one hand, in zones of percolation, diffusion probably 
always plays a certain part, at least in replacing the inner parts of grains ; moreover, the percolation 
may be non-uniform as a result of the co-existence of less permeable regions with stagnant pore 
solutions. But a particular complication is introduced by the “ filtration effect,” whereby the dissolved 
substance is not only transported by the percolating solvent, but also ‘in part diffuses through it.. The 
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more rapid the filtration and the lower the concentration of the solution, the less is the part played by 
diffusion, On the other hand, the fissures in the earth’s crust are rarely open and the ascent of solutions 
through them is most frequently not a simple flow, but rather of the nature of percolation, although 
here the percolation proceeds at a more rapid rate than through massive rocks. Nevertheless, the 
distinction between the two extreme types of interaction of solutions with rocks retains its significance. 

A theoretical interpretation of metamorphism is greatly facilitated by the natural assumption that 
the pore solutions are in chemical equilibrium with the rock directly enclosing them. The existence of 
chemical equilibrium is proved in particular by the phenomenon of collective recrystallization which 
is highly typical of metamorphic and metasomatic rocks. Owing to the existence of surface energy, 
small grains are somewhat more readily soluble than large grains of the same mineral. Therefore 
simultaneously with the dissolution of small grains there may take place a growth of larger ones. The 
solution is in equilibrium with crystals of a certain medium size, i.e. the equilibrium of the rock and 
the solution is very precise. The largest crystals are formed with a minimum concentration of the 
solution, when the existence of small and medium grains is impossible ; therefore the number of 
crystalline grains is small. In particular, the growth of especially large crystals frequently takes place 
under conditions of dissolution and removal of the substances of the given crystals by moving solutions, 
which at first sight seems to be paradoxical. With a decrease of the concentration of the solution and 
with the dissolution of small crystals and removal of their substance, the growth of single large crystals 
continues, the growth of some faces being sometimes accompanied by corrosion of others ; with 
further decrease in the concentration of the solution, dissolution of the largest crystals begins to take 
place. Thus the formation of corrosion-vugs is, as a rule, accompanied by the formation on their 
walls of crusts of large crystals, as observed in miarolitic vugs, rock-crystal cavities, and veins of 
Alpine type. It is generally assumed that the formation of a vug takes place first, followed by the 
growth of large crystals on its walls. However, a number of data constitute evidence indicative of the 
simultaneous occurrence of both dissolution and growth. Such, for example, is the common “ coating ”’ 
on rock crystal faces (sometimes on faces that were subsequently overgrown, so that they became 
included within the crystal) of flakes of sericite, chlorite and other minerals released in consequence of 
a general dissolution of the enclosing rock ; such are the free crystals which, although separated from 
the walls by dissolution, continued to grow on the floor of a cavity (N. Permakov, 1946).. A similar 
growth of large crystals under conditions of dissolution is observed in metasomatic rocks. Thus the 
well known spotted “‘ smallpox ” magnetite ores of Mt. Blagodat in the Urals, were formed metaso- 
matically by a replacement of syenite-porphyries. The replacement of fine-grained orthoclase syenite- 
porphyry by magnetite is accompanied there by the growth of single large orthoclase crystals which 
remain as phenocrysts in the magnetite mass. During silicification of various rocks, large crystals of 
the replaced minerals are usually formed in the transitional zone, e.g. feldspars or micas in pegmatites 
and greisens, calcite in limestones, etc. 

Thus, an equilibrium of solutions with respect to the enclosing rocks is typical of the metasomatic 
phenomena associated with metamorphism. Undersaturated solutions, producing dissolution without 
recrystallization, and oversaturated solutions, out of which colloids may be precipitated, mainly 
appear in fissures not far from the earth’s surface and during weathering. In metamorphism they are 
not characteristic. 

If a solution comes into contact with a rock and its concentration differs from that of equilibrium, 
a reaction between the rock and the solution proceeds with the formation of “‘ reaction minerals ” 
in the rock, to the composition of which the components of the rock alone or those of both the original 
tock and the solution may contribute. The composition of both rock and solution thus varies, and in 
this way equilibrium is attained. In some cases the formation of non-reaction “ precipitated ” minerals 
is possible ; these are entirely precipitated from the solution, without deriving any components from 
other minerals. The cause of such a precipitation of a mineral may be the decrease of its solubility, 
produced by fall of temperature or pressure in the solution, or by a change in the composition of the 
solution as the result of the solution of other minerals of the rock. The cause of the precipitation may 
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also lie in the rise of the concentration of the solution, produced by a narrowing of the pores in the 
7a of the percolating solutions, i.e. by the filtration effect (Mackay, 1946 ; Korzhinsky, 

During metasomatic phenomena the various oxides and elements which compose a rock display 
an independent behaviour. Solutions acting upon the rocks fail to produce any marked displacement 
of certain components, while at the same time noticeably changing the composition of the rocks with 
respect to other components. In this way the “ differential mobility ” of elements is manifested, which 
is of outstanding importance in metasomatic as well as in magmatic processes. In the metasomatic 
alteration of a rock a “ metasomatic zoning ” is produced as a result of the differential mobilities of 
its components. This is displayed in the simultaneous existence of several zones representing different 
degrees of alteration of the original rock. One should distinguish a metasomatic “ diffusion-zoning ” 
characteristic of fissure—wall-rock metamorphism and of contact formations due to reaction, and 
metasomatic “ infiltration-zoning ” characteristic of the zones of percolating solutions. In the present 
paper the infiltration-zoning will be mainly discussed. 

The infiltration-zoning is produced because the solution which penetrates into the rock and changes 
its composition also undergoes a change and therefore, upon further percolation, induces an alteration 
of the rock which is different from the initial one. As a result of this, zones with different mineralogical 
compositions should be formed along the course followed by the solution. Let us assume that we 
have a thick uniform mass of a polymineralic rock. In the uppermost zone there will percolate a 
solution of which the composition has been altered as result of an interaction with the rock at lower 
levels to such an extent that it will now be capable of producing only a simple metamorphism of the 
rock, bringing about a change in the water content but not in the other components. On the contrary, 
in the lowermost zone the rock will be changed by reaction with the fresh, unaltered, solutions which 
will flow through it to such a degree that complete equilibrium will be attained. Between these extreme 
zones, others showing transitional degrees of alteration will be situated. 

In order to establish the peculiarities of infiltration-zoning we shall confine ourselves, for the sake 
of simplicity, to the case of constancy of temperature and external pressure for all the zones, uniform 
porosity (i.e. constancy of the filtration effect coefficient) and constancy of composition for each of 
the minerals. — 

At each point, as we have seen, the solution must be in equilibrium with the enclosing rock. This 
equilibrium is not disturbed by a change in the quantitative proportions of the minerals, but only by 
a qualitative change of the mineral composition. Therefore the reaction of the percolating solution 
with the rock takes place only on the boundary between two zones of different mineral composition, 
whereas within each zone no interaction occurs. With a uniform initial material each zone has a 
constant mineral composition. 

The quantity dm of the dissolved component, which is transported by the percolating solution 
through any section transverse to its flow, is equal to the product of the volume dy of this solution by 
the concentration cq within it of a given component a, and by the filtration effect coefficient yg 
(coefficient of entrainment by the solvent) for the given component in a given medium. Thus we have, 

dm = aq'Cq' dv. 

With a free flow of the solution, when the dissolved substance is completely entrained by the flow 
of the solution, the coefficient y is equal to unity. In the case where the medium allows the solvent 
to percolate through but completely abstracts the given component dissolved in the solution, this 
coefficient is equal to zero, 

The filtration effect is caused by the difference of the average rate of movement of the particles of 
the solvent and the solute in a porous medium and not by adsorption phenomena. The magnitude of 
the filtration effect during filtration through rocks, particularly at high temperatures, is not known, 
put doubtless the coefficient may differ considerably from unity. But in this particular case this 
coefficient has been introduced only for completeness, since metasomatic zoning may also develop 


independently of the filtration effect. 
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Now the contact between two metasomatic zones I and II, with a solution percolating in the 
direction from zone II towards zone I will be considered. The content of the a component per unit 
volume in zone I will be designated as a’, and that in zone II, a’’. The concentration of this component 
in the solution within zone I will be designated as c’g, and that for zone II as c’’g. The elementary 
volume of the solution dy, which will percolate across a unit surface of contact, will bring the a com- 
ponent from zone II towards the point of reaction in the amount : pa‘ cq‘ dy, and carry it away 
towards zone I in the amount yq-c’g:dv. Let the contact of the zones advance by the distance dx, as 

a result of the passage of this elementary volume of solution. If the replacement takes place without 
change of volume, as is generally assumed, we should have the equation : 
ga (c’a—Ca’’) dv =(a’—a’’) dx. 
Hence we obtain the ratio of the rate of advancement of the boundary of the two zones to the rate of 
percolation : 
dx as (c a—Ca ) 
dy (a’—a’’) 


An analogous expression may be obtained for each of the components. Since in all expressions of this 
kind we are concerned with the rate of displacement of the same boundary, we obtain : 
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If upon the replacement of rock I by rock II the volume increased m times, we should obtain : 
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In this way n—1 equations are obtained, relating the values of the contents and concentrations of 
n components in two adjacent zones. The very fact of the existence of these equations enables us to 
draw some conclusions concerning the number of minerals in metasomatic zones. 


With constant temperature and external pressure the state of an equilibrium mineral system of 
n components is determined by n independent factors, which are determined by external conditions. 
Each component introduces one independent factor of equilibrium. For less readily soluble (“‘ inert ’’) 
components the independent factor will be determined by their content in the rock, depending on the 
original composition. For the other, i.e. “fully mobile’ components, the independent factor is 
determined by their activity in the external medium or by their concentration in the incoming solution. 
If the minerals being formed do not permit of any variations of composition, the number of co-existing 
minerals in the rock is equal to the number of components with an independently defined content 
(i.e. to the number of “inert” components). The number of “ mobile” components, with an 
independently defined activity, is equal to the difference between the number of components and the 
number of minerals. 

Let us compare two adjacent zones of the filtration column. In the first and uppermost zone the 
original composition of the rock, with the exception of the water content, has not yet changed. The 
contents of all components (if water be excluded from the components) are independently defined by 
the original composition of the rock, and therefore p, the number of the minerals formed in meta- 
morphism, should be equal to the number of components (p =n). In the adjacent second zone, formed 
at the expense of the first zone by the action of the solutions, the state of the rock will be determined 
both by the composition of the original rock and by the concentration of the acting solutions. But we 
have seen that there are n—1 equations relating the values of the contents and concentrations of 
components in two adjacent zones. Therefore of n independent parameters determining the state of 
the rock in the second zone, only one may be conditioned by the concentration of the solution (concen- 
tration of the most mobile component), while the remaining ones, by means of the n—1 equations | 
are defined by the content of components in the first zone. Owing to the existence of one independently 
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defined concentration, the number of minerals in the second zone will decrease by a unity, i.e. will be 
equal to n—1. 

In the third zone the parameters of state, by means of the same n—1 equations, are related not only 
to the content of the components in the second zone, but also to one independent concentration of 
the mobile component of this second zone. “Therefore in the third zone two components may thus 
have an independent concentration, i.e. may be mobile, and the number of minerals will decrease by 
one more. Thus with every passage to a lower zone the number of inert components and the number 
of minerals decreases by one, the number of mobile components increasing accordingly. In the 
particular case when for a definite concentration of the mobile component the conversion of one 
mineral association into another is possible without any decrease in the number of minerals, an equal 
number of minerals and inert components may be found in the adjacent zones. In the lowest, most 
strongly altered zone, the number of reaction minerals may drop to one or even to zero in the case 
when all the components of the original rock have been removed and the rock has been completely 
replaced by the precipitated mineral. ) 

A number of features of infiltration-zoning may be anticipated on the basis of the above equation 
for the rate of advance of the zone-boundary, considering that the rate of advance for each higher 
zone must be greater than that for a lower zone. The chief features of this zoning are as follows : 

(1) As a result of the action of percolating solutions on a multi-component rock a number of 
sharply delimited metasomatic zones must be formed, and these will increase simultaneously, the 
lower ones advancing upon the upper ones. ; 

(2) The replacement takes place only at the boundary of the zones. Within the zones a change 
of composition only of variable minerals is possible. 

(3) In each zone one may distinguish “ inert’ components, the amounts of which are determined 
by their amounts in the original rock, and “‘ mobile” components, whose amounts depend on the 
proportion of the inert ones and on the concentration of the solution but not on their initial amounts. 
The number of minerals is equal to that of the inert components. Therefore conclusions as to the 
inert or mobile behaviour of components during metasomatism must be confirmed by comparing the 
number of the components with that of the minerals. . 

(4) From the upper to the lower zone the number of inert components and the number of minerals 
gradually decrease, while the number of mobile components accordingly increases. 

(5) The higher the solubility of a component and its ability to percolate with the solvent, the 
earlier its passage to the mobile state ; inertness is maintained even in the lower zones by the least 
soluble, i.e. the least mobile components. . 

(6) At the boundary of two zones, due to replacement reactions, the concentration of a percolating 
solution sharply changes. Because of the equilibrium between the rock and the solution the rocks of 
the two adjacent zones must possess a different activity of the components, that is, they will not be in 
chemical equilibrium. As a result of this, some zones may be lacking, which would be, formed as 
transition zones between the existing ones in the case of a diffusion-interaction. 

(7) The dissolution and removal of part of the components of a particular mineral should result, 
according to the law of mass action, in an increase of the activity of the remaining components of 
that mineral. If all the components of a mineral are dissolved and removed, then there may be formed 
a zone of enrichment in the least mobile component of that mineral on the site of this zone of complete 
removal. Thus, at places of greisenization and subsequent silicification of feldspathic rocks, greisens 
enriched in alumina are encountered. Sericitic, andalusitic and corundum rocks rich in alumina, 
occurring amidst acid silicificated effusives are probably of a similar origin. oe 

Up to this point we have considered only reaction-minerals, i.e. those containing components of 
the original rock. But in addition to these, the solution may deposit some of its components as 
independent “ precipitated ” minerals. This may take place as a result of a change of the composition 
of the solution with penetration into the rock, owing to a possible influence of the concentration of 
certain components on the solubility of others. In this case the precipitation of the mineral must be 
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confined to definite zones, the nature and amount of the mineral deposited depending not only on the 
‘composition of the solution but also on that of the rock. Such “ selectivity SOK) replacement is con- 
firmed by observations. Next, observations have shown that during all post-magmatic processes, 
up to those of highest temperature, only one mineral is precipitated at a time, which not infrequently 
brings about the formation of monomineralic rocks. The latter takes place when rocks are silicified 
and when certain metasomatic sulphide ores and high-temperature magnetite ores are formed. The 
writer has not encountered any cases in which more than one mineral has been precipitated ata time 
during metasomatism. However, the theoretical aspect of this problem is not clear and it seems 
possible that under certain conditions more than one mineral may be deposited at a time, but in such 
a case the proportions of these minerals must depend on the composition of the rock being replaced. 

Metasomatic diffusion-zoning arises in those cases when the replacement has been caused by a 
diffusion-exchange of the components. Its distinct manifestation is seen in the fissure-wall-rock 
metasomatism, when the solution rising up the fissure soaks into the wall-rocks. The interaction of 
the flowing solution of the fissure with the wall-rock is achieved by way of a diffusion of the components 
through the stagnant pore solutions in both directions, there being formed several sharply delimited 
reaction zones, similar to those formed in infiltration-zoning. In the outermost zone the action of the 
solution brings about a simple metamorphism without any change of composition, with the exception 
of water. In each successive inward zone an increasingly large number of components pass into a 
mobile state, with a corresponding decrease of the number of minerals, up to the innermost zone, 
usually a monomineralic one, adjoining the monomineralic vein-filling. All of these zones develop 
simultaneously, every outer zone being replaced by the inner ones. Such vein-wall-rock zones may 
attain a thickness of several metres. The theory of such zoning has been discussed by the writer 
elsewhere. 

A more complicated case is that of metasomatic reaction-formations at the contacts of rocks that 
are not in chemical equilibrium. Descriptions and theoretical analyses of such formations are given 
in several papers by the writer. Thus, in a high-temperature metamorphism at shallow depths between 
limestone and silicate rocks skarn-zones are formed. Reaction-zones between hyperbasites and acid 
rocks are widely known. Under the conditions obtaining at great depths the reaction between 
dolomites and aluminosilicate rocks leads to the formation of phlogopite and lazurite deposits. It is 
characteristic that even in intensely metamorphosed gneiss-complexes such an interaction is extremely 
non-uniformly displayed. While'in some parts of the contact the zone of interaction attains a thickness 
of several metres (in some exceptional cases up to some 20 metres), in other parts of the same contact 
it drops to some millimetres or less. Such non-uniformity proves that the interaction between rocks 
might have occurred only at the places where ascending solutions, soaking the pores of the rocks, 
were active. Thus the diffusion proceeded through pore solutions and not through solid matter. The 
part taken by ascending solutions is confirmed also by the fact that an intensification of the interaction 
is always accompanied by a supply or removal of the more mobile components (e.g. a supply of iron 
and magnesium in skarn-zones). Moreover, it is known that the interaction of the rocks becomes 
sharply intensified along fissures, so that the fissures intersecting the contact of the interacting rocks 
are converted to metasomatic veins, e.g. veinlets of lazurite rocks in pegmatites amidst dolomites, 
phlogopite- and skarn-veins. All the examples of interaction mentioned refer to post-magmatic but 
very high-temperature phenomena ; the high temperature is inferred from the formation of such 
metasomatic minerals as plagioclases (up to anorthite), garnets, forsterite, spinel, lazurite, hauynite, 
nepheline, sanidine, orthoclase, etc. 

Thus the metasomatic interaction of rocks takes place in zones where ascending solutions are 
percolating, under such conditions that the more mobile components (particularly carbon dioxide 
and alkaline metals, sometimes also magnesium, iron and others) are fully mobile. It is through 
these ascending solutions, if they percolate in the contact zone of rocks capable of reacting, that a 
diffusional exchange of the less mobile components proceeds, amongst which, during the formation 
of skarns, calcium, silica, and alumina are numbered. Such a complex interaction of two rocks and a 
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“eee age The reacting rocks are separated by several sharply detined 
Bless raeite: nephrit fo) ane S5 P to monomineralic zones (monomineralic garnet, pyroxene, 
ee ie vi ; 2 e, talc an ot er rocks). The slight mobility of alumina, as compared with 
» rings about a metasomatic desilication which is very characteristic of bi-metasomatism. 
Removal of silica in conjunction with a decrease of the volume of the alumino-silicate rock leads to a 
sharp increase in the alumina content of some varieties. 
A diffusional interaction may also take place between liquid magma and wall-rock. Great 
importance was attached to such an interaction by A. E. Fersman, who gave a detailed description of 
the migration of elements in both directions at contacts exposed in the emerald mines of the Urals 
(1925). Explorations of Pre-Cambrian gneissic complexes in Siberia have shown that very frequently 
granites and pegmatites form direct contacts, even with dolomites, without the formation of reaction 
zones ; and that it is only at certain places that such zones are developed, under the action of post- 
magmatic solutions subsequent to the crystallization of granites and pegmatites. 

Diffusional migration of a component is possible only provided that there exists an activity or 
concentration gradient in the solution. From the standpoint of the phase rule, the concentration 
(activity) of the mobile diffusing component has a degree of freedom ; therefore the passage of each 
component into the mobile state is accompanied by a corresponding unit decrease in the number of 
minerals. The decrease in the number of minerals is a necessary sign both of the diffusion and of the 
infiltration migration of a substance. In this lies the resemblance of the infiltration-zoning to the 
diffusion-zoning. However, a point of distinction is presented by the fact that, as a rule, the diffusional 
metasomatic zones consist only of reaction minerals. A precipitation accompanied by the solution 
of the more readily soluble minerals takes place only in fissures and in those rocks in which the 
replacement occurs with decrease in volume (i.e. with a fall of pressure), only one of the minerals 
being precipitated at a time, just as in the case of infiltration. Sharp boundaries between the zones 
are typical of any metasomatic zoning, since they are not disturbed by the influence of non-uniform 
fracturing and porosity. 

Although the writer has not been specially engaged in the study of granitization, it seems appropriate 
at this point to touch on this problem which is at present a subject of active discussion. Many authors 
(among Russian geologists, especially N. G. Sudovikov) at present favour a metasomatic origin for 
granites at the expense of a granitization of other rocks. The writer thinks the polymineralic compo- 
sition of granites and the stability of their quantitative mineralogical composition are in conflict with 
the hypothesis of their metasomatic origin and cannot be explained without the aid of melting, ie. of 
a magmatic stage. A diffusion of components through pore solutions or through solid rocks cannot 
produce any equalization of the proportions of the minerals. The concept of an exceptional rdle of 
diffusion through solid rocks during metamorphism is in conflict with geological observations of 
bi-metasomatic formations, as shown above, and in general with the distribution of metamorphism 
and diffusional zoning. 

There is more reason for relating metamorphism and granitization to the action of the percolating 
_ solutions, as envisaged by P. Termier (1910). Juvenile ascending solutions, essentially aqueous, 
percolating through the sialic shell of the Earth, may cause its selective melting, with formation of a 
eutectic granitic magma. A considerable part of the juvenile volatile components is retained by the 
forming magma and it separates out only on crystallization of the latter, to which fact the particular 
intensity of post-magmatic metamorphism is due. Another part diffuses through the magma and then 
percolates through the rocks of the roof, causing their metamorphism and granitization. Here a 
metasomatic infiltration-zoning should be produced, the nature of which has been considered above. 
Higher up, the solutions cause a “ normal metamorphism,” during which only water and carbon 
dioxide behave in a mobile manner. Lower down, there follows a zone in which the activities of 
potassium and sodium have been brought to a level established in the underlying granitic magma, 
with a corresponding decrease of the maximum number of co-existing minerals. Therefore, with rise 
of temperature the metamorphism of this zone assumes the nature of granitization, particularly near 
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contacts with granites where selective melting begins. The lowest zone is represented by a one-phase 
formation—magma. As the solutions are percolating, the boundaries of all of these zones shift upwards. 

Particular interest is presented by phenomena at the melting front. Let us imagine the contact of 
a granitic magma with a roof of basic rocks. If at this contact only diffusion phenomena were 
observed, an endo-contact zone of hybrid magma should be formed, which would be in equilibrium 
with the adjacent metamorphosed rocks. Therefore the solutions separated out by such a magma 
could not dissolve any of the components of the contact rock. But if the passage of the solutions 
through the magma and its contacts were similar to the percolation described above, the formation 
of a hybrid magma would be impeded by a flow of solvents which would dissolve those components, 
the concentration of which would thus increase along the path of the solvents. Between the magma 
and the basic roof-rock a sudden increase of activities for a set of components would be established, 
those components being dissolved and carried upwards by the solution. As a result, the basic rock 
would be replaced by acid magma, as is often described in the Jiterature. However, the question 
whether the passage of volatile components through magma can be similar to percolation is still left 


open. 


DISCUSSION 


M. E. Rousautt: Le Professeur Korzhinsky semble expliquer dans l’essentiel la mobilité différentielle des éléments 
par des différences dans leur solubilités respectives. 

Je pense qu’il faut distinguer une tentative d’explication théorique, si intéressants soit elle, de la constatation du fait. 
Plusieurs auteurs, Professor Holmes et Dr. Doris Reynolds, Tom W. Barth, P. Lapadu-Hargues, R. Perrin et moi-méme 
ont déja insisté, dans des travaux antérieurs, sur l’importance du déplacement sélectif des éléments. R. Perrin et moi-méme 
avons en outre, insisté sur le fait qu’une telle diffusion fractionnée est un argument important en faveur d’échanges en 
milieu solide, sans l’intervention d’aucun solvant. 

D. S. KoRZHINSKY, in reply to Professor Roubault, said that both extreme cases of the migration of matter discussed 
in his paper—by diffusion and by percolation—and two corresponding types of metasomatic zoning—diffusion-zoning 
and infiltration-zoning—might take place in principle not only in the presence of aqueous pore-solutions, but also in their 
absence, that is in the case of migration of matter through a solid crystallized medium. In both cases metasomatic zoning 
must have been produced, the types and peculiarities of which had been discussed in the paper. Nevertheless, geological 
evidence encountered in studying deep-seated granite-gneiss complexes, especially the observations of reaction zones at 
contacts between rocks that were able to interact, allowed him to reach the conclusion that metasomatic phenomena in 
metamorphism occurred only in rocks which had been soaked by ascending solutions. 

As to granite, its formation by metasomatic processes, in particular by diffusion in solid rocks, seemed to him 
improbable. First of all, such intensive metasomatosis could not have produced rocks with a rich variety of minerals. 
Theory as well as observations showed that the more intensive the metasomatosis the smaller was the number of minerals 
in the resulting metasomatic rock. Furthermore, diffusion could not produce the equalization of the quantitative ratio 
of the minerals of rocks, because the values of chemical potentials of elements did not depend on the quantitative ratio 
of phases. Therefore, granite with a constant ratio between its minerals could not be produced by metasomatic replace- 
ment of rocks of variable composition. Finally, the monotonous composition of granite could hardly be explained 
other than as a eutectic one. 

In many cases granite appeared to have been formed by replacement of a series of sedimentary rocks. But this 
replacement could not be explained unless an intermediate stage of selective fusion were admitted, i.e. the replacement 
was not a metasomatic one. The ascending solutions, which caused the fusion, might remove some of the rock 
components, as was shown in the report. 
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HH®PEPEHIIMAJIBHAA TORBYHXKHOCTb 
KOMITOHEHTOB HU METACOMATHUECKA 
SOHAJIBHOCTb TIPH METAMOP®M3ME. 


qq. C. KOPXKHHCKHH 


Msyuenue komniekcos Metamopdwueckux MOpot WOKasbIBaeT, UTO MeTamMopdusM, 0 Kpalinelt 
Mepe CHJIMKATOBbIX NOpoy, BCerfa COBepllaeTcA Mp yuacTHu BOCXOAAUIMX pacTBOpoB. 3a 9TO 
TOBOPHT TO, UTO MeTaMOp*UsM Bcerfa NPOABIIAeTCA HepaBHOMEPHO, YCHJINBAACh BOIMb HEKOTOPbIX 
30H H OcIaOIAACb WIM [arKe COBepLIeHHO UcuesaA B CTOPOHE OT HX, HPHueM ycusIeHve MeTamop- 
@usma (Nepekpucrammsayuu) Bcerjja COMpoBomKfaeTcA UaACTHUHbIM H3MeHeHHeM XHMMUeCKOrO 
cocTaBa MOpof, T.e€. MeTaCOMaTHUeCKHMH ABIeHHAMM. "Takad HepaBHOMePHOCTb He MO?KeT OBITS 
00’AcHeHa HepaBHOMepHBIM paclipejesieHvem TemmepaTypbI, ZecbopMalun wim ropHoit BaxKHOCTH, 
HO yKa3bIBaeT Ha HEOOXOAMMOe yuACTHe BOCXOUALIMX PACTBOPOB, KOTOPble, HaCbiIyad NOpbI NOpos 
ONpeAeICHHEIX 30H, NPOH3SBOAUIM NepekpucTasmsalyui0 Mopoy, WM H3sMeHeHHe HX XHMMYECKOTO 
coctasa. B mopoyax, B KOTOpbIxX Iporecc NWepeKpHCTasMsallMu He 3aBePUIWJICA, UAaCTHUHO pa3si0- 
+KEHHbIC MHHepasIbI HEPeAKO COXpaHAIOT OOWIbHbIe MHKPOCKOMMUeCKHe BKIIOUCHHA pa3’eqaBlero 
MX pactBopa. TakKOBbI, HalIpHMep, MYTHbI€ NOJIeBble WINMATbI, OWIMOOUHO OMMCbIBaeMbIe Kak 
, IIeJIUTH3HpOBaHHBEIe.* ‘ 

Bs3aumoyelicTBue BOCXOTAUIMX paCTBOPOB C TOPHbIMH NWoposamMH MO?KeT MpOTeKAaTb pasIMUHO, 
MpwueM MO?KHO pasjIMuaTh Ba Kpaiinux Tuna: 1—pacTBop NOAHMMaeTCA MO OTKpbITOM TpemHe, 
HallMTbIBad NOpbI OOKOBBIX Nopoy. BsanmoyelicrBue MpOTOUHOrO pacTBOpa TPeLIMHbI C OOKOBLIMU 
nopoyamu MpoucxogAUT nyTem DAuddy3uuH uepes HeNOTBWKHbIe MOPOBbIe PaCTBOPbI CTCHOK TPelHHBI. 
Takoli ,,0KOJIOTpelljHHHbIi‘‘ MeTamopdu3sm ocoOeHHO xapaKTepeH JIA HM3KOTeEMIIepaTypHbIX 
ycNOBHii, Kora Serko OOpa3yIOTCA TPeLWIMHbI, a WOPOALI WIOXO MPOHMNAeMbI [Id TeueHuA pacT- 
BOpoB. 2—pacTBOpbI paBHOMepHO MIpocauMBalOTCA Uepe3 NOPObI, TAK UTO KarK]{Oe 3E-PHO MOpOMb! 
HeMOCpe/ICTBeHHO B3aMOselicTByeT C TeKYUHM pacTBopoMm, Oe3 cymlecrBeHHOro yyuacTua Wupdby- 
3HOHHBIX WporeccoB. Takoii ciyuaili xapakTepeH JIA BbICOKOTeMIepaTyPHbIX MU cpej{HeTemMepa- 
TYPHDIX YCHOBUM, Kora TOpHbIe NOpoAbI Sosee NPOHHUAeMbI! JIA pacTBOpOB, a OOpasoBaHHe TpeiluH 
3aTpyHeHo. 

B yeiictBuTenbHOCTH, BepOATHO, uallje BCTpeuaeTcH KOMOMHALIHA 9STHX J[BYX Mpe]{eJIbHbIXx 
culyuaeB WIM MepexoybI MexKay HumH. IIpexge Bcero B 30Hax MpocaunBanuA Wudppy3uA, BepoATHO, 
Bceryla UrpaeT HEKOTOPY!O pOsIb, 10 Kpalineli Mepe Mp 3aMelljecHHM BHYTPeHHMX wAcTelt 3epeH, a 
KpoMe Toro MpocauMBaHve MO2KeT ObITh HepaBHOMEPHBIM, C MeHee IIPOHMAeMbIMH yuacTKaMH C 
3aCTOHHbIMH HOpoBbiImu pacTBopamu. Ho ocoboe ocio»KHeHHe BHOCHT , ,(PuJIbTpallMOHHbI addbext, 
T.€. BO3MOMKHOe OTCTABAHHe paCTBOPeHHOrO BelfeCTBa OT pacTBOpHTeA Up PWIbTpauMH, B CHITy 
yero pacTBOPeHHOe BewecTBO pH MpocayMBakuH HE TOJIbKO yBUIeKaeTCA PaCTBOPHTeIIEM, HO OTUACTH 
wu yuddyHyupyer uepes Hero. Uem Opicrpee NponcxoguT PusbTpallMA WM YeM HYDKe KOHICHTpauMA 
pacTBopa, TeM MeHee CKa3bIBaeTCA yuacTue Wudpysuu. C Apyrolt CTOPOHbI, Tpel{MHEI B 3eMHOMt 
KOpe pegKO ObIBaIOT OTKPbITbIMH Mi MOJHATHE 10 HAM pacTBOPOB uallle UMeeT XapakTep He MpocToro 
TeueHUA, a NpocauMBaHUA, XOTA u OosIee ObICTporo, YeM Yepe3 CIVIOWIHbIe TOpHbIe MOPOPI. Tem 
He MeHee BbIJeNeHHe JByX KpalHux UW ealIbHbIX THNOB B3aMMOj{eHCTBHA PacTBOPOB C TopoflamM 
cOxpaHAeT CBOe 3HaucHHe. 

Teoperuueckad MHTepupeTaluA MeTamopdu3ma BecbMa oOmeruaeTCH eCTeCTBCHHbIM j{ONy~" 
WeHHeM, UTO MOPOBble pacTBOPbI HaXOJATCA B XUMHUCCKOM PAaBHOBCCHH C HeMOCpeCTBCHHO HX 
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BKOUAaIOWel ropHol Mopofoli. Hamwune xumuueckoro paBHOBeCcHA B OcoOeHHOCTH JOKa3bIBaeTCA 
ABNeHHeM cCOOupaTesbHOl MepeKpHCTaJWIM3alMM, BeCbMa THIMMUHOH [VIA MeTamop(dbuuecKHx HM 
MeTacoMaTHuecKHx nopoy. B cusly cyl\ecTBOBaHvaA MOBepXHOCTHOH SHeprHuv, MeJIKHe 3epHa 
HeCKOJIBKO Gosee PaCTBOPHMBI, UCM KPYIHble 3epHa TOrO 2Ke MMHEepasia. IIosTomy OHOBpeMeHHO 
C paCTBOPeHHeM MeJIKHX 3€PpeH MO?KET IIPOHCXO]MTb POcT Ooslee KPyIHbIX, B YeM HM 3aKIIOUaeTCA 
coOupaTeibHad Mepekpucrammmsayua. PacrBop Ip 9TOM HaxOJIMTCA B paBHOBecHM C KpHCTaJiaMu 
Kako TO cpeyHeii BeNMUMHBI, T.c. paBHOBeCHe NOpOfbI HM pacTBOpa ABJIACTCH OUCHb TOUHBIM. 
HanOosee Kpynubie KpucTasIbI OOpasyIOTCA IPH MpeAebHO HH3KOH KOHI[CHTpalu HaCbILeHHOrO 
pacrBopa, Kora cyljecTBOBaHHe MeJIKUX HU Cpe/IHHX 3ePpeH HEBO3MO?KHO, a NOTOMY UMCIIO KpHCTas- 
ymmuecKUX 3epeH Maio. B uacrHocTu, pocr ocoO0 KpyNHbIX KPHCTaJWIOB YacTO UMeecT MECTO B 
YCHOBHAX PacTBOpeHHA H BbIHOCa pacTBOpaMM BelljeCTBa JaHHbIX KPHCTaJWIOB, UTO Ha MepBbIM 
BSA, KarkeTCA MapagoKcasbHbim. Ilo Mepe NOHWKeEHHA KOHIeHTpalluu pacTBopa, pacTBopeHuA 
MeJIKHX KPHCTaJIIOB HW yHOCa MX BelIecTBa, MpOOIDKaeTCA POCT EAMHMUHEIX KPYIHbIX KPHCTAaJVIOB, 
mpuyuem HapacTranue O/HMX' rpaveli MHOrga CONpoOBOrKaeTcA pas’eqaHvem [pyrux; C aJIb- 
HeMLIMM MOHWKeHHeM KOHI[CHTpalluu pacTBopa HacTylaeT pacTBOopeHHe HM HanOoyIee KPyMHbIx 
KpucTamios. Tak, oOpasoBaHve MycToT pa3’eqaHvA, Kak MpaBHyI0, COMpoBorkKaeTcA oOpaso- 
BaHHeM Ha HX CTeHKaX J[Py3OBbIX KOPOK KPyNHbIX KPHCTaJUIOB, KaK ITO HME€T MECTO B MHapOJIMTOBbIX 
mycToTax, XPyCTaJIbHbIxX wWorpeOax M ayIbMWiickux oHax. OObrmukKO NoslararoT, 4TO CHauasIa 
MpoucxoyUT OOpasoBaHue MYCTOTEI, a 3aTeEM POCT Ha ee CTeEHKAX KPYMHbIX KPHCTaJIOB. OpHako 
PA, WaHHbIX TOBOPUT 3a OJ[HOBPeMeHHOCTS 9THX ABYX MpoleccoB pacTBopeHuA Mu pocra. ‘Takona, 
Halpumep, OObruHax ,,IpHcbinka‘‘ Ha rpaHAx XpycTasIa (WHOra TpaHAX 3apOCWIMx M OKa3saBLUIMXCA 
BHYTPH KPpHcTayia) uelllyeK CepHutTa, XIOPHTa HM Mpouw“x MHHepasIoB, OCcBOOOKTaIOWMXcA MpH 
OOUIeEM paCTBOpeHHH BMellsaloljeii MOpOAbI; TaKOBbI OTOPBaBIMecH Mp pacTBOpeHHH CTeCHOK 
CBOOOHBIe KPHCTasIbI, IpOOIMKaBUIMe pacTu Ha WHe mycToTs! (H. Ilepmaxop 1946 r.). Tako 
%Ke POCT KPYMHbIX KPHCTaJIOB B YCNOBHAX MX paCTBOPeHHA MbI BHM B MeTacOMaTHUeCKHX 
mlopoyax. Tak, H3BeCTHbIe ,,OCcMeHHbIe’* MarHeTHTOBbIe pyfbI ropbr bmaronaTu Ha Ypane oOpa- 
3yIOTCA MeTaCOMAaTHUeCKH, IyTeM 3aMeLeHuA CHeHUT-TOpdupos. IIpu stom sameujeHve MarHeTHTOM 
Me€JIKOZEPHHCTOrO OPTOKIa30OBOrO CHeHHT-Mopdupa COMpoBorKaeTCA POCTOM e]{MHHUHbIX KPYMHbIX 
KPHCTaJIIOB OPTOKa3a, KOTOPble OCTaIOTCA B BUJle BKpalJIeHHHKOB B MarHeTUTOBOM macce. IIpu 
OKBaplleBaHHH pa3sJIMUHbIX NOpoO B MepexoWHO 30He OObIUHO BOSHHKAaIOT KPylHble KPHCTaJVIb! 
3aMelaeMbIX MHHEPaJIOB MOPObI MOJICBbIX WIMaTOB WJIM COLI B WermMaTHTax M rpeiizeHax, KasIb- 
Ta B U3BeCTHAKAX HT... 

Takum oOpasom, JIA MeTaCOMaTHUCCKHX ABJICHHI pH MeTamMopdbusMe THUIWUHA PaBHOBeECHOCTB 
pacTBOpoB B OTHOIMIeHHH BMelyaroujux Topo. HefocbiijeHHble pacTBOpbI, MmpousBoyAuMe 
pacTBopeHne Oe3 MepeKpUCTasWIMsallM, M MePeCbILeHHble paCTBOpbI, U3 KOTOPbIX MOFyT BbIMAaTaTb 
KOJUIOH[IbI, MPOABJIAIOTCA IpeHMyleCTBeHHO B TpellMHax HefasIeKO OT 3eMHOii MOBepXHOCTH HU 
Mp BbiBeTpuBaHuu. JIA MeTamopdu3ma OHH He XapaKTepHE!. 

Ecm B COMpHKOCHOBeHHe Cc TopHOl Moposoi BcTyNaeT pacTBOP, KOHIeHTpaluA KOTOporo 
OTJIMUaeTCA OT PAaBHOBECHOH, TO MeXKAy NOposol MU pacTBOpOM MpoucxogMT peakKIMA, c OOpa3o- 
BaHHeM B MOpoye ,,peaKUMOHHBIX'* MHHEpasIOB, B COCTAB KOTOPbIX BXOJJAT KaK KOMMOHEHTI HCXO]- 
HOH NOpOjbl, Tak HM pacTBOpa, WIM Ke TOJIBKO KOMMOHEHTHI Noposb. IIpu sTom usmensroTca 
cocTaBbI Kak MOpoOj{bI, TaK HM pacTBopa, Tak 4YTO OHM CTaHOBATCH paBHOBecHbIMu. B HeKOTOPbIX 
Cilyuadx BO3MO2KHO BOSHHKHOBeHHe HepeaKUMOHHBIX ,,0CaxKeHHbIX’* MHHepasIOB, KOTOpbIe WesIM- 
KOM BbIlaj{aloT W3 pacTBOpa, He 3aMMCTBYA KOMIIOHEHTOB M3 Apyrux mMuHepanos. Tlpvunnoit 
TaKOrO BbIlay[e¢HHA MHHepasia MOPKET CJIyYKHTb YMeCHBbINeHHe efO paCTBOPHMOCTH, BbISBaHHOe 
mayleHHemM TemMMepaTypbi WIM aBsICHHA PacTBoOpa WIM »Ke H3MeHeHHeM COCTaBa pacTBOpa MIpH pact- 
BOPeHHH [[pyrux MuHepaoB nopoyb. Ilpwuvnoli ocaxxqeHHuA MOOKET CIIyKUTS TAKXKE MOBbIMNIEHHE 
KOHIeHTpalwu pacTBOpa, BbISBaHHOe Cy»KeHHeM TIOp MO NyTH cueqoBaHHA MpocaunBaromuxca 
pacTBOpoB, T.€. (PUILTpalMoHHBIm sddextom (P. A. Moxelt 1946, JI. C. Kop»xKuucKnit 1947). 

IIpu MeTacomaTHuecKHX ABJICHHAX OKHCIIbI M SJIEMEHTHI, Ciararome ropHy!0 nopoyy, oOua- 
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PYKUBAIOT HesaBUCuMoe NoBeweHue. PacTBopbi, BOsfelcTBYA Ha MOPOsbI, He MpOUsBOsAT samerT- 
HOro MepeMeleCHHA HEKOTOPbIX KOMIIOHEHTOB, OJJHOBPeMCHHO 3HAUHTeJIbHO H3MeHA COCTaB nopoy, 
B OTHOINCHHH Apyrux KomMoHeHTOB. B stom mposBsaetca ,,qucdbdepenyHanbHaA no_BHOK- 
HOCTB “* 9jIEMEHTOB M OKMCJIOB, HMerollad rpomMay{Hoe 3HaUeHHe HE TOJIBKO IPH MeTaCOMaTHUeCKHX, 
HO HW MpH MarMaTHuecKUx Iporeccax. IIpu meracomaTu4uecKoM U3MeHeEHUM NOpojEl, B cHy WHCp- 
epeHuMaIbHO NOJBWKHOCTH ee KOMIOHECHTOB, BOSHMKACT ,,.MeTACOMATH4ECKAaA 30HAIbHOCTE, ‘‘ 
BHIPHKAIOMaACA B OWHOBPEMeCHHOM CYIeCTBOBaHHH HeCKOJIBKHX 30H, MIpe/ICTaBJIAIOUMX pa3Hble 
CTCHCHM H3MCHeHHA HCXOHOH Nopoybl. Crefyer pasmuuacts ,,qudpdysvonny10 MeTacoMaTHUecKy}O 
SOHA@JIBHOCTh, ‘ XapaKTepHY!0 [JIA OKOMOTPeMMHHOrO MeTaMop@u3Ma HM [JIA peaKIMOHHbIX KOHTaK- 
TOBbIX OOpasoBaHHl, u_,,wHCbusHTparMOHHyt0 ‘‘ MeTACOMATHUeCCKYIO 3O0H@JIBHOCTb, XapaKTePHY!O 


Wink 30H WpocauuBanua. Mb syecbh OcTaHOBHMCA TulaBHbIM oOpasom Ha HH(UI_TpalWMoHHoOlt 
30HA@JIBHOCTH. 


Mudurptpannonnaa MeTacoMaTH4uecKkad 30HaNBHOCTb BO3HUKaeT B CHIy TOrO, UTO 
pacTBop, 10 Mepe NPOHHKHOBeHHA B MOposly H H3MeHeHHA ee COCTaBa, CaM TOKe U3MeHAeTCA H 
NOTOMY, MpH AabHelilem MpocauMBaHHH, MPOHsBOAUT WHOe H3MeHeHHe TOPOAbI, em MepBoHa- 
uabHoe. B cusy sToro No TeueHHIO pacTBOpa OJDKHbI BOSHHKHYTb 30HbI pasHoro MHHepasIoru- 
ueckoro coctapa. IIpegnomoKHM, UTO MbI HMeeM MOLIHYIO OAHOPOAHY!O TOIMIY MHOrOMHHepasIbHO! 
mopoyb1. B camyi0 BepXHIOIO 30HY MpOcOUNTCA pacTBOp, HaCTONbKO H3MCHHBUIME CBOI COcTaB, 
B pe3yJIbTaTe B3AaMMOeHCTBUA C STOM MOpOAOH, uTo oH OyyeT clocobeH MpOuSBOLMTS TOKO MpocTol 

_MeTaMOpu3M NOpogbI, c H3MeHeHHeM COjepxKaHHA BOJbI, HO He JPyrux KOMMOHeEHTOB. Haobdopor, 
B CaMOH HYKHeM 30He Topoga OyseT NOHOCTHIO MepepaOoTaHa BOSeHCTBHEM MpoTeKarolMXx Yepes 
Hee CB@)KHX H€H3MCHCHHbIX PaCTBOPOB H JIOCTHTHYT NOJHOrO paBHOBeCHA C ITHMM pacTBopaMmH. 
Mexiy 3THMH KpaliHHMH 30HaMM M paciosI0xKaTbCA 3O0HbI C MPOME*KYTOUHOHM CTeMeHbIO U3MeHeHHS, 

Jina ycTaHoBjieHvda ocoOeHHOcTeli HHC*UIIbTpal|WOHHOM 30HAaJIbHOCTH MbI OrpaHWUHMcA, [IA 
MpOCcTOTLI, CJlyuaeM NOCTOAHCTBa TeMMepaTypbI HW BHEIIHerO TaBJICHHA JIA BCeX 30H, OJHOpPOAHOH 
MOpuctTocru (T.€. MOCTOAHCTBa KOsulweuta dusbTpalMoHHoro sddeKtTa) HM WOCTOAMHCTBa COCTaBa 
TIA KaxKOTO U3 MHHepasIOB. ' 

B kaoK0l TOUKe, KaK MbI BHJeIM, pacTBOp TOJDKeEH HAaXOJMTbCA B PpaBHOBeCHH C BMeLyarouyeli 
nmopofol. OTo paBHOBecHe He HapyllaeTCA Ip H3MCHCHHHM KOJIMUCCTBCHHBIX COOTHOLICHHH MHMHe- 
pasIOB, HO TOJIBKO IpH KauecTBeEHHOM H3MeHeHHH MUHepasiorMueckoro coctaBa. Ilostomy peakuua 
lpocauMBarouleroca pacTBopa C NOposOl MOXKET HMETb MECTO TOJIBKO Ha rpaHulle JByxX 30H pasHoro 
MHHepasIOrHuecKOrO COcTaBa, B Upefesax we KavKTOM 30HbI HAKAKOrO B3aHMOJ{eMCTBUA He MpoHc- 
xogutT. IIpu ofHopogsHOM HCXOMHOM MaTepMasie, Karka 30Ha MMeeT MOCTOAHHbIM MMHepasoru- 
yeCKHM COCTaB. 

Konuuectso dm pacTBopeHHOrO KOMNOHEHTa a, KOTOPOe MepeHOCHTCAH MpocayuBaloujMmMcaA 
pacTBOpoM uepes JOG0e MOoMepeuHoe K HeMy CeYeHHe, paBHO IIPOH3Be],eHHIO 00’ema dv 9roro 
pacTBopa Ha KOHIeHTpallM1o Cc, B HEM JJaHHOTO KOMINOHeHTa HM Ha KoodunventT — a PMIETpalMoH- 
Horo 2cpdekta (KosduIMeHT yBJIeKaeMOCTH PaCTBOpUTeeM) [JIA JaHHOrO KOMMOHeHTa B aHHOH 
cpene, T.€.: dili—= a Cae dy 
[Ipu cBo6oqHoM TeueHHM pacTBOpa, KOr{a PaCTBOPeHHOe BeIECTBO MONHOCTHIO YyBJIeKaeTCH 
TeueHHem pacTBopa, KospduuMenT ), paBeH efuHuye. B cuyuae, ecm cpeqa NpolycKaeT pact- 
BOPHTesIb, HO MOJIHOCTHIO 3aflep>KHBaeT JaHHbIM pacTBOpeHHbIii B Heli KOMNOHEHT, 9TOT KOoI@unu- 
ent Obi ObI paBeH Hy0. CDusbTpalMoHHbIi sdekT BHISHIBacTCA pasIMUMeM CpeqHeH CKOpOcTH 
JIBYOKEHHA UACTUI] paCTBOPHTeJIA HW PaCTBOPeHHO"O BellecTBa B MOpHcTol cpeye, a He ABJICHHAMM 
aycopo6umn. Benwuuna cusbTparMonHoro sddexta up (buIbTpalluu wepes TOpHbIe MOpObl, 
ocoOeHHO JIA BbICOKHX TeMIIepaTyp, He M3BeCTHa, HO HECOMHCHHO, UTO Koo((uNMeHT MOKET 
CHIBHO OTNMUAaTECA OT equHuBI. Ho B qaHHOM ciyuae 9TOT KOSDUUMEHT BBeeH TObKO WIA 
HOMHOTHI, TaK Kak MeTACOMATHUeCKaA 3OHAJIBHOCTh MO?KET BO3HHKATbh WM He3aBHCHMO OT HaviMuMA 


(puETpalwMoHHOro scdekTa. 
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PaccmorpHM Tellepb KOHTaKT MEXKLY JByMA MeTacOMaTHueCKUMM 3OHaMM 1 u II, c pacrBsopom, 
IpocauHBarolWMMcA WO HallpaBJICHHIO OT 3OHbI II x 30He |. Comep»KaHve KOMMOHCHTAa a Ha 
emuuuiy 06’ema B 30He | oO0osHauHa a', a B 30He TI—a™. Konneutparuio stToro EON B 
pacTBope B Mpefemax 30HbI 1 o603HauHM c,', TOKE JIA 30HBI TI—c,". OnementrapHpil o0’em 
pacrsopa dv, mpocounBuimiica uepe3 efMHMIy MOBepXHOCTH pO IIpHHeceT CO CTOPOHbI 
3oHpl II] kK MecTy peaKI[MH KOMIMOHEHT a B KOJIMUECTBE: Py. Cy. dv, a yHeceT B CTOPOHY 30HBbI 
1—9,. c,'. dv. B pesymprate NpoOxOKeHHA STOO 9JIeMeHTapHOro 06’ema pacTBopa KOHTaKT 
30H TycTb Wepemecturca wa paccrosuue dx. Ecmm 3amemjenwe He CONpOBoOxKqaeTCA USMCHCHHeEM 
06’emMa, Kak 9TO OOBIUHO MIPHHUMaeTCA, TO JOJDKHO HMCTb Me€CTO PaBeHCTBO: 


o, (c,! — ci). dv = (a! — all) dx 
Orcioyla Mosyaaem OTHOMWIeHHe CKOPOCTH MepeMeneHuA rpaHHIbI AByxX 30H K CKOpocTH mpocauH- 
BaHHA: dx cc 
‘vine ae 
Ananorwanoe BbIpakKeHHe MOXKeM MOUYYTS [JIA KaxKOrO U3 KOMMOHeHTOB. Tak KaK BO BCeX 
TaKHX BbIPAKeHMAX [eNO UeT 0 CKOPOCTH NepemenjeHuA OHO! UM TOM 2Ke PpaHUIbI, TO NOyUMM: 


dx ct — cH ct — o,2 cg — cy 

dy =) O, eee = Oy bates — Da fee SS Soon oe 5 
Ecmm up 3ameujenuu nopoypr 1 nopogoit II 06’em BospactaeT B r pa3, TO MbI NosryunsM OBI: 

dx ci — c,H ot — oF cg — cyt 


Takum oOpasom, nosyuaem n—Il ypaBHeHve, CBA3bIBaIOlee BeJIMUMHbI cOoepyKaHvui 
KOHIeHTpaliuii NM KOMITOHEHTOB B JIByX COCeJIHHMX 30Hax. YKe caMblif (bakKT CyUJeCTBOBaHHA OTMX 
ypaBHeHHli JJaeT HAM BO3MO?KHOCTH ClesaTb HEKOTOPhIe BbIBOLI O UNCIIE MHHeEpasIOB B MeTaCOMaTH~ 
UeCKHX 30HAaX. 


IIpu nocTosHHBIx TemllepaType MH BHEeIIHeEM JaBJICHHM, COCTOHHMe PaBHOBeCHOM MUHepasIbHol 
CHCT€EMbI M3 N KOMIMOHEHTOB OlpefeiAeTcH Nn He3saBHCHMbIMu dbakKTOpaMu, KOTOpble s3aarorcst 
B HeWHHMH yCOBHAMH. Kaxxky{bii KOMMOHCHT BHOCHT OJMH He3aBHCHMbIli (bakTOp paBHOBecHA. 
Jia MeHee pacTBOpHMBEIX (,,HHePTHBIX’*) KOMMOHEHTOB He3aBHCHMbIM (bakTOpom OyeT ux coyep- 
*KaHMe B Topofle, 3saBucaujee OT ucxoyHoro cocraBa. Jina Upyrux (,,BNOTHe NOABYKHBIX*<* ) 
KOMMOHEHTOB He€3aBHCHMbIM (PaKTOPOM ABJIAe€TCH MX AKTHBHOCTb BO BHellHel cpeye WIM KOHIIeCH- 
TpaliwA B UpHTeKaroujem pactBope. Ecsm oOpasyioujueca MMHepabl He MONycKakoT BapHalnii 
cocTaBa, TO UMCIIO COCYIJECTBYIOWMX MHHEpasIOB B MOpoye paBHO UMCIIY KOMIMOHEHTOB C HesaBHCHMo 
3afaHHBIM cCOjlepyKaHWeM (T.e. UMCY ,,HHepTHbIX’. KOMMOHeHTOB). Uncno  ,,WO]{BHOKHBIX‘‘ 
KOMIIOHCHTOB, C H€3aBHCHMO 3aj[aHHOM aKTHBHOCTbIO, PaBHO pa3HOCTH MEXKY UMCIIOM KOMMOHEHTOB 
M UMCIOM MUHepasIoB (0pOOHOCTH CM. B Apyrom Hokage aBropa jaHHomy Kourpeccy). 


ConocraBum j{Be coceyqHHe SOHbI (uETpalMoHHOlt KoNOHHEI. B nepsoii, BepxHeii 30He, 
MCXOMHbIM COCTaB MOPO/bI, 3a UCKIINOUCHHEM CO][eprKaHHA BOJbI, elle He ycles H3MeHHTECH: 
CoyepsKaHHA BCeX KOMIOHEHTOB (€CIM MCKIIOUNTh BOY M3 UNCIIa KOMIIOHeHTOB) HesaBHicumo 
3a/[aHbl HCXOJHBIM COCTaBOM NOpPOAbI MW MOTOMY YMCIIO p BOSHHKIIMX Ip MeTaMOpdu3smMe MUHEpasOB 
AOJDKHO ObITh paBHO UCJIy KOMMOHeHTOB (p—n). B mpumprxatomeit BTOpoH 30He, BOSHHKUIel 
3a CUeT BOSJCHCTBUA PaCTBOPOB Ha MlepBy!0, COCTOAHMe NOpomb! SyyeT oMpeweATCA KaK CocTaBOM 
HCXOJJHOM NOPOfbl, Tak M KOHIeHTpaleH BosfelicrBylouwMx pacrBopos. Ho mpi BYE, aToO 
cyujectByeT n—I| ypaBHeHHe, CBASbIBAaIOMIce BEUIMUMHEI Cofep»KaHnii u KOHMeHTpaluli KOMMOHEHTOB 
B [IBYX COceqHMX 30Hax. IlosToMy M3 n HesaBHCHMbIX NapaMeTpoB, ompeyensArouMx cocToAHHe 
MOPO/IbI BO BTOPOH 30HE, TOJIBKO OMH MOoKeT ObITS 3afaH KOHMeHTpalueli pacrBopa (KOHIIeHTpaluetit 
HanOoslee NOABHKHOrO KOMIMOHEHTA), a OCTAJIbHbIe uepes HocpegzcTBo n—1 ypaBHeHHA onpeeya- 
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ToTCH COMep»KAaHHeEM KOMNOHCHTOB B epBoii 30He. B cusy nasmuna ofHoit HesaBucuMmo saaHHoli 


"ae 4HCJIO MHHepasIOB BO BTOpOM 30HeE YMeHBIIMTCA Ha ‘eNMHLy, T.e. OyzerT paBHo 
n—1). 

B tTpetbelt 30He Napamerppr cocrosHusa TIpH NOMOWM Tex Ke n—] ypaBHeHHii CBASbIBaIOTCA 
He TOJIBKO C COJep?KaHHeEM KOMMOHEHTOB BO BTOPOL 30He, HO HC OHO! HesaBHCUMOit KOHICHTpalivelt 
NOABWKHOrO KOMMOHEHTa ITOH BTOpol 30HbI. Ilosromy B TpeTbeHi 30He yxKe Ba KOMIOHEHTAa 
MOryT UM¢CTb H€SaBMCHMY!O KOHICHTpaluio, T:e. ObITh NOMBYKHbI, a UMCIO MHHeEpayIoB MO?KeT 
YMCHBIUHTECA ellie Ha OHH. ‘Takum o6pa3som, Ip KaxKJJOM Mepexoye K Gosee HWDKHEM 30He UNCIIO 
MHEPTHbIX KOMNOHCHTOB HM UMCIIO MMHepasIOB yMeHBINAeTCH Ha eMHMITY, a UMCIO NOJBWKHbIX 
KOMHOHCHTOB GOOTBETCTBCHHO Bo3spactaer. B uacTHoM cJlyuae, Kora pM ompeyeneHHO KOH- 
WenTpalin MOTBYWKHOrO KOMIMOHEHTAa BO3MO?KHO IipeBpallleHve OHO MMHepasIBHOl accormmaluM 
B [pyryto 6e3 yMeHBIeHHA uNCHa MMHepasoB, B HpuserKaljux 30HAX MO?KET OKA3aTbCA paBHoe 
“HCHO MHHepasIoB WM WHepTHbIX KOMNOHCHTOB. B camo HMwKHei, HauOomee H3MeHeHHOM 30HE 
“HCIIO PCAKUMOHHBIX MHMHeCpasIOB MOMKET CITYCTHTECA JO CXWHMUbI, WIM Jake WO HYJIA, B Cyryuae 
€cJIM BCe€ KOMIMOHECHTHI HCXOJHO! MOpOAbI BLIHeCeHBI TOpojla MOJIHOCTHIO 3aMelljeHa OcaxKTCHHbIM 
MMHepasioM. 

Pay ocoOennocteli HHPYIbTpaNMOHHOM 30HAaIBHOCTH MO2KHO MpeBUeTb, OCHOBbIBaACh Ha 
IIpHBe{eCHHOH BbIIMe CKOPOCTH NIpoABMWKeHHA paHvll 30H, IpHHAB BO BHHMaHHe, UTO CKOPOCT 
NepeTBMWKeHMA [JIA KarkKgoH Oonee BepxHeil 30HbI OJDKHAa ObITh Sombie, ueM HWKHeH. ITyap- 
Heme OCOOeHHOCTU STO 30HaIbHOCTH ciemyromme: 1) IIpu Bosyelicrsuu mpocaumBaroujuxca 
pacTBOpOB Ha MHOFOKOMMOHEHTHYIO TOpoyy MOJDKeH BOSHHKHYTb PA], pe3sKO OTTpaHHUeHHbIXx 
M€TaCOMaTHYeCKHX 30H, KOTOpble OyyT paspacTaTbCA OMHOBPeMeHHO, C HacTyIaHWeM HWWKHUX Ha 
BepxXHHit. 2) SameljeHve MpoMcxoAMT TOUbKO Ha rpanue 30H. B mpefenax 30H BO3M0>KHO 
JMUb M3MeHeHHe cocTaBa TepeMeHHbIX MHHepasioB. 3) B KaK_Ol 30HE MOMKHO pa3jMmuaTb 
>, HHeEPTHbIe* ‘ KOMIMOHEHTEI, COJep»KaHHe KOTOPBIX OMpeeIIAeTCA COJepr»KaHHeM B UCXOJ{HOL Nopore, 
H ,,MO[BWKHbIe’“ KOMMOHEHTHI, COJepxKaHHe KOTOPbIX 3aBMCHT OT COOTHOUICHHA MHeEPpTHbIX 
OT KOHICHTpaliuH pacTBopa, HO He OT MepBHUHOrO ux cosep»KaHHA. Uncno MHHepasIOB paBHO 
yYCIIy HHEpTHbIX KOMMOHeEHTOB. IlosTomy BbIBOALI 06 MHEPTHOM VWJIM NOABMOKHOM TOBeeHHH 
KOMMOHEHTOB Np MeTaCOMaTO3e JOJDKHbI NOATBepeKLaTbCA COMOCTABJICHHeM UMCJIa KOMIOHEHTOB 
M 4ciIa MUHepasoB. 4) OT BepxHeli K HWKHel 30HE UHMCIIO HHCPTHbIX KOMIOHEHTOB HM UHCJIO 
MMHepaJIOB MOCTeMeHHO YMeHBIUAeTCA, a UMCIO NOLBYOKHbIX KOMMOHCHTOB COOTBeTCTBCHHO BO3- 
pacraer. 5) Uem BbIMIe pacCTBOPHMOCTh KOMMOHeHTa HM CHOCOOHOCTh ero IpocauuBaTbcA Cc pacT- 
BOpHTesIeM, TEM CKOpee MepeXOJHT OH B NOABHXKHOe COCTOAHME: COXPaHAIOT MHEPTHOCTh BIVIOTb 
JIO. HYWDKHUX 30H HaHMeHee paCTBOPHMBIe, T.c. HawMeHee NOABYWKHbIe KOMMOHeHTHI. 6) Ha 
rpaHulle ByX 30H, B CBA3H C peaKIMAMH 3aMeljeHHA, KOHWeEHTpaluA WpocauMBakolleroca pacTBopa 
pesko MeHsetca. B cusy paBHOBeCcHA MeXxKTy Moposol MU pacTBOpoM, CONpMKacalolHecA MOposbl 
JIByX 30H JOJDKHDI OOJayaTh pa3sIMUHOH AKTHBHOCTbIO KOMMOHCHTOB, T.€. He OyMyT HaxOJUTBCA 
B XHMMUeCKOM paBHoBecuH. B cuyIK 9TOrO MOLryT OTCYTCTBOBaTh HEKOTOPbIe€ 3OHbI, KOTOpbIe 
oOpasoBpamuch ObI KaK TepexOJHble MeyxKy ]aHHbIMH MpH auddy3HoHHOM B3aHMoOselHcTBHH. 
7) PacrBopeHve UM BbIHOC UaCTH KOMMOHEHTOB KakKoro ymm600 MHHepasia JOJDKHO IIPHBeCTH, COriacHo 
gakoHa JieHicTBHA Macc, K MOBbIMWeCHHIO AKTHBHOCTM OCTAaIOIJMXCA KOMNOHCHTOB 9TOrO MMHepalia. 
Ecum pacTBopAIOTCA WM BbIHOCATCA BC€ KOMIIOHCHTbI KaKOrO ymm60 MMHepasia, TO Hay] 30HOH MOHOrO 
BbIHOCa MO2KeT OOpasoBaTbCA 30Ha, OOOralljeHHaH HawmMeHee NOABMKHbIM KOMIOHCHTOM 9TOLO 
Munepayia. Tak, B MecTax rpeHs3eHMsallMwM M NoceqyIOUJero OKBapleBaHHA MOJICBOUINTATOBbIX 
nMopoy, BcTpeualoTcaA OOoralljeHHble TIMHOSeEMOM Tpeli3eHEl. BoratTbie ryiwHO3eMOM CepHUMTOBbIe, 
aHlasly3HTOBble U KOPyHOBbIe MOpOMbI, BCTpeyarolMecA Cpe{H OKBAaPUOBAHHBIX KUCIIbIX apdpy3u- 
BOB, BEPOATHO HMEIOT CXOJ[HOe IIPOMcxorK enue. 

Jlo cux nop'MbI UMeJIM B BHJly TOJIKO peaKIMOHHbIe MUHEepaIb!, T.€. CofeprKalljHe KOMMOHCHTHI 
VicxoyHoii nopompr. Ho, Kpome Toro, pacTBOp MOKeT OTJIaraTb HCKOTOPble CBOM KOMIOHCHTHI B 
Bure CAMOCTOATEJIBHBIX ,,0C@xK]CHHBIX’‘ MHHepasIOB. OTO MO?KET IMPOHCXOMMTb B CHJIy H3MCHCHUA 
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cocraBa pacrBopa M10 Mepe MIpoOHMKHOBeHHA B TOposy, ONarosapA BOSMOXKHOMY BIIMAHHIO KOH- 
WeHTpaluH OJHHM KOMMOHEHTOB Ha paCTBOPHMOCTb ApyrHx. B tTakoM ciryuae ocaKeHHe 
MMHepasia OJDKHa ObITh IPHypoueHO K Ope{eIeHHbIM 30HaM, UpWu4eM XapakTep HW KOJIMYeCTBO 
oTuararoueroca MHHepasia JOJDKHbI 3aBHCeTbh He TOJIbKO OT COcTaBa pacTBopa, HO HM OT cocTaBa 
nopompr. Takada ,,u30upatesbHOcTh’‘ 3amMeljeHHA NoTBep?kqaeTcn HaOmoyeHuamMH. Hads0- 
JICHHA TWOKasbIBaloT JfasIee, UTO IPH BCeX NOCTMarMaTHUeCKMX Mpoleccax, BUIIOTh HO HanOos1ee 
BBICOKOTeMIepaTyPHbIX, OJHOBPeMeHHO OCaK]aeTCH TONIbKO MO OJHOMy MUHEepasly, ATO Hepe/KO 
IIpHBOAUT K OOpasoBaHHIO MOHOMMHepasIbHBIx opoA. IlocseqHee umeeT MecTO Ip OKBaplleBaHun 
TOpog, pH oOpasoBaHuHl HeEKOTOPbIX MeTaCOMaTHUeCCKUX CYJIbMAHEIX py/l HM BbICOKOTeMmMepa- 
TYPHBIX MarHeTHTOBIx py. ABTOp He BCTpeuasicA co CJlyuadMM, Kora Obl NpH MeTacomaTose 
ocaKaI0cb OJHOBpeMeHHO Ooylee oOfHOro MMHepaia. OjtHako, TeopeTHuecKad CTOpoHa 9TOFO 
BOMpoca HeACHa HM BO3MO2%KHO, UTO IPH U3BeCTHBIX YCJIOBUAX MOPKET OCaKTAaTbcA Ooee OMHOFO 
MUHepasia OJHOBpeMeHHO, HO TOr{a KOJIMYCCTBCHHOE COOTHOMIeHHe 9THX MMHEpasIOB MOJDKHO 3a- 
BHCeTh OT COCTaBa 3aMeljaemol MOpobl. 

]luddysuonnaa MeTacoMaTH4ecKkad 30HANbHOCTbh BOSHMKaeT B TeX CJIyUaAX, KOry(a 
3aMelyjeHve OOyCJIOBIeHO Wuddy3HOHHBIM OOMeHOM KOMMOHEHTOB. OrTueTsIMBOe ee NpoABeHHe 
MbI BHM IIpH OKOJIOTPeMJMHHOM MeTacoMaTO3e, KOrya NOAHMMAarLOUIHiica 0 TpelijwHe pacTBop 
HpomuTprwaer OOKOBbIe Noposbi. Bsaumofeiicrsve uporounoro pacTBopa TpellMHbI C OoKOBOH 
TOpowoH OcyMecTBIAeTCA pH NOMOLIM BcCTpeyHOH Wuddy3uH KOMMOHEHTOB Uepes 3aCTOMHBbIe 
mopopbie pacrsBoppi. IIpH 9sToM BO3HHMKaeT HECKOJIBKO pe3KO OTIpaHHUCHHbIX PeaKIMOHHbIx 
30H, IOJOOHBIX TaKOBbIM IPH HHDYWILTpaljwOHHOM 30HasIbHOcTH. B camo BHelIHeH 30HeE BO3- 
yielicTBUe PaCTBOPOB MpHBOUT K MIpocToMy MeTamopdusmy Oe3 U3MeHeHHA COCTaBa, KPOMe BOJIBI. 
B Ka@xKqoi Oomee BHYTpeHHeli 30He Bce OobUIee UMCIO KOMNOHCHTOB lepexOUT B NOABHKHOe 
COCTOHHHe, C COOTBETCTBEHHbIM YMCHBUICHHeEM UMCIIa MHHepasIOB, BIIOTh JO BHYTPpeHHelH, OOLIUHO 
MOHOMMHepasIbHOM 30HbI, MPHMbIKAarOUei K MOHOMMHepasIbBHOMY 2KHJIBHOMY BBIIOJIHeHHEO. Bee 
9TH 3OHbI paspacTaloTcA OJ[HOBpeMeHHO, C 3aMelIJeHHeM BHeINHUX BHYTpeHHuMH. ‘Take OKOJIO- 
YKMJIBHBIC 3OHbI J[OCTHTaIOT HeCKOJIBKHX MeTPOB MomHOcTH. Teopuxa TaKOM 30HaJIbHOCTH pac- 
CMOTpeHa AaBTOPOM B [IpyroM MecTe. 

Bomee cioxKeH Cilyuall peaKUMOHHbIX MeTaCcOMaTHUeCKHX OOpasoBaHHii Ha KOHTaKTaX XHMM- 
ueCKH HepaBHOBeCHbIX Topo. OmnncaHwio uw TeopeTMueCKOMy aHasIM3y Takux oOpas0Banuit 
NOcBAMIeH px, padoT apropa. Tak, Mp BbICOKOTeMIepaTypHOM MeTamopdusme Ha HeOouBIUIMX 
ruryOuHaxX Me)K]{y W3BeCTHAKAMH WM CHJIMKaTOBLIMH TopoOqaMH BOSHHKAIOT CKapHOBbIe 30HBI. 
OOmjev3BecTHHI peakKIMOHHbIe 30HbI MEKTY TuuepOasuTamMu M KMCIbIMM Oopofzamu. B ycnoBuax 
OoubIIMX TryOMH peaKIMA Me*KIy DONOMUTAMM UM aJIIOMOCHJIMKAaTOBbIMM TOposaMH IpHBOLMT K 
oOpas0BaHuI0 (PJIOrOMHTOBbIX H Jla3ypHTOBbIX MecToporxKyeHuli. XapakrepHo, uTO yaxKe B 
WHTCHCHBHO MeTaMOp@U30BaHHbIX THeHCOBbIX KOMIIJIeKCaX TaKOe B3aMMOjlelicTBHe NpoABIAeTCA 
KpaliHe HepaBHoMepHoO. B TO BpeMA Kak B OTJ[CJIbHbIX yUaCTKAX KOHTAKTa MOLJHOCTh 30HbI B3alH- 
MOJ[eHCTBHA JIOCTHTaeT HECKOJIBKUX MeTPOB (MeTpoB JO 20 B HCKIOUNTEIbHBIX CyIyuaAX), B J pyrux 
MeCTax TOPO K€ KOHTAKTa OHA CHYCKaeTCA J[O HECKOJIBKUX MVJUIMMeTpOB WI MeHee. Takaa HepaB- 
HOMCPHOCTh JOKa3bIBaeT, UTO B3aMMOeHCTBUe NOPO MOFJIO COBEPIUATKCH TOJIbBKO B MeCTaxX BO3- 
WeHCTBUA BOCXOJAUIMX PaCTBOPOB, HalluTaBuiMx Wopbl nopogx. Iubdbysua, Takum oOpasom, 
coBepIlalacb Uepe3 MOPpOBble PaCTBOpbI, a He Uepes TBepsoe BelljecTBo. Yuacrue Bocxo,AmMx 
PacTBOpOB MOTBep»KaeTCA TakoKe TEM, UTO yCuJIeHHe B3aMMOs{elicTBHA Bcerfa CompoBormKaerca 
MPHBHOCOM WJIM BbIHOCOM OoJIee NOABYOKHBIX KOMHOHEHTOB (HalIpHMep, MpHBHOCOM >KeZIe3a 
MarHHA B CKaPHOBBIX 30Hax). Kpome Toro H3BeCTHO, uTO B3aHMOJelicTBHe OPO, pesko ycusm- 
BaeTCA BOJIb TPeU[MH, Tak UTO TPelIJMHbI, WepeceKalOuMe KONTAKT B3aMMOselcTBYIOIIUX MOpos, 
mpeppallaioTca B MeTaCOMaTHYCCKHe >KWJIbI—HalIpHMep TIPOCeuKH JlasypHTOBbIX NOpoy, B WermaTH= 
Tax cpeqM J{OJIOMHTOB, PJIOrONMTOBbIe WM CKaPHOBble 2KUIbI. YoomAHyTple IIPHMepbI B3aHMo- 
ACHCTBHA BCe OTHOCATCA K MOCTMarMaTHueCKHM, HO BeChMa BbICOKOTeMMepaTypHBIM ABIICHHAM; 
mocuieyqHee BUHO U3 OOpasoBaHUA TaKHX MeTACOMATHUeCKUX MHHepasIOB, Kak BCex TWIaTHOKIa30B, 
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BIMIOTh HO aHOpTHTa, rpanaToB, qopcTepuita, WNIMHeIM, Nasyputa, raiouna, Hed@emmna, cann- 
JMHOBOLO OpTOKJIa3a H mpou. 

Takum o0pasom, MeTacomatTuueckoe B3aHMOelicTBHe NOpos COBepllaeTcA B 30HaxX MpocauH- 
BaHWA BOCXOAMIMX PaCTBOPOB, B YCJIOBHAX BIOIHe NOABWKHOrO NoBeeHHA pata Gomee noL- 
BWWKHBIX KOMINOHCHTOB (B OCOOeHHOCTH yIJIeEKMCIOTHI HW UWeIOUHBIX MeTasWIOB, WHOra TaroKe 
MaPHHA, 2KesIe3a M [pyrux). Uepes st BOCXOAAUMe pacTBOpHI, eC OHM pocauMBaloTca B 30HE 
KOHTaKTa CHOCOOHBIX K peakI[MM Mopoy, npoucxoyuT puddysHoHHEt OOMeH MeHee TOBIDKHDIX 
KOMNOHCHTOB, K KaKOBbIM MIpu OOpas0BaHH CKapHOB OTHOCHTCA KaJIbIMi, KPeMHe3eM HM IMHO3eM. 
Takoe Cllo»KHOe B3aHMOseiicTBHe JByX MOpOs HU pacTBOpa MOKeT ObITS HasBaHO GumMeTacomaToO30M. 
Pearupyroue nopoybl pasfemAroTCA HECKOJIBKHMH pe3KO OrpaHHUecHHBIMM 30HaMM C MaJIbIM UMCIIOM 
MMHepasIOB, BIVIOTh JO MOHOMHHEepasIbHbIX 30H (MOHOMHHepasIbHble IpaHaTOBble, MMPOKCeHOBBIe, 
@JIOPONMTOBEIe, 2AaeHTOBbIe, HeE*)PHTOBbIC, TAIbKOBbIe MH MpouMe Moposb1). Manag nojewx- 
HOCTb ['JIMHO3€Ma CpaBHUTeJIbHO C KPeCMHe3CEMOM IIPHBOAUT K OUCHb XapaKTepHO Jia Oumeraco- 
MaTO3a MeTACOMaTHUeCKOH TecusMKalyun. Bbroc KpemMHesemMa B COUeTaHHU C yYMeHbINeHHeM 06’ema 
aJOMOCHIMKaTOBOH MOpofbl, pH ITOM, NPHBOAUT K peSKOMY TOBbIMeHHIO Coyep»KaHHA, PIMHO- 
3€Ma B HEKOTOPBIX pasHOCTAX. 

Huddbysvonno0e B3aimoselicTBHe MOPIO MMETb MECTO TalOKe M@MKIIy HKUTKOM MarMoii u OOKOBOii 
nopofov. Bompuice 3sHaueHve TakoMy B3aHMoselicrBsu1o upHyaBpan A. E. @epcman, yeTanbHo 
ONMCaBLUIMii BCTpeuHy!0 MULpalHi0 9JIEMeHTOB B M3YMpPyTHbIX KoMAX VYpasa (1925). 

Uccneqospanua B rHelicoBbix oKemOpuiickux KommsIeKcax CuOupu MoKasbIBaloT, YTO OUeHS 
uacTO TpaHHTbI M MerMaTHTbI JakOT HEMOCpe{CTBCHHbIe KOHTAKTHI ake Cc TOOMUTaMU Ges oOpas3o- 
BaHHA PeaKWMOHHBIX 30H. ‘Takve 30HbI pasBHBaIOTCA JIMIIb MeCTaMH yoKe Mocue KPHCTasM3alMu 
rpaHMTOB HM WerMaTHTOB, Ip BOs{eHCTBUM MOCTMarMaTHUeCKHX PaCTBOPOB. 

Uudbdy3svouHoe lapeMelljeHHe KOMIMOHCHTa BO3MO?KHO TOJIbKO Mp HajIMUuMM rpafMeHTa ero 
AKTHBHOCTH (KOHI[CHTpallMu B pacTBope). C TOUKH 3peHuA UpaBuya cbas, KOHIeHTpayua Wup- 
yHMpy!IOuMx NOABYOKHbIX KOMMOHEHTOB OOJIayjaeT CTeMeHbIO CBOOObI H MOTOMY Mepexoy, KarK- 
JJOrO M3 KOMIIOHCHTOB B IIOJBYXKHOe COCTOAHHE COMpOBOOKTaeTCA YMCHBINCHHeEM Ha e/MHMIy ucsia 
MHHepasIOB. YMeHbUIeHHe UMCIa MMHepasIOB ABJIAeTCA HeOOXOXHMbIM IIpH3HaKOM Kak JM(p- 
dy3HoHHOrO, Tak HW HH(PVWJIBTpaljHOHHOrO MepeMeleHuA BelecTBa. B sTomM 3akuOUaeTCA CXOJICTBO 
VMHQUIIbTpalMoHHOl uw AUuddy3sHoHHOM MeTacoMaTHUeCKOM 30HaJIbHOCTH. OTJIMUHeEM ABIIAeTCH 
TO, UTO WUddy3HoOHHbIe MeTacOMaTHUeCKHe 30HbI, KaK IIpaBHJIO, COCTOAT M3 OHMX PeaKIMOHHbIX 
MuHepasioB. OcarxkKyleHve pacrBopom GOoslee pacTBOpUMBIX MUHepaJIOB UMeeT MECTO TOJIbKO B Tpe- 
UjWHaX HM B TeX MOpOjax, 3aMell[eHHe KOTOPHIX CONPOBOKAeTCH YMCHbIICHHEM 00’eMa, T.€. MayleHHem 
WaBieHuA, IpMueM Kak IPH WHCPYISTpaluu OJHOBPeMeHHO BbIMaaeT IIMUb OHH U3 MUHepasIOB. 
PesKue rpaHvbI MeKy 30HaMM THIMUHD! JIA BCHKOH MeTACOMaTHUeCCKOM 30HAJIBHOCTH NOCKOJIbKY 
OHM He HapylllaloTCA BIIMAHHeM HeOJHOPOHOM TpeljMHOBaTOCTH M MOpHcTOcTH. 

Xora aBTop cieluasbHO BOMpocamu rpaHUTHsalwH He 3aHMMaJICA, yMecTHO OyfeT NonyTHO 
BBICKAasaTbCA 0 9TOMY JHCKyccHoHHOMy Bommpocy. Muorve aBTopbi (cpequ pyccKux reosloroB 
ocobenno H. I. CyqoBuKos) B HacToalyjee BPeMA BbICKasbIBaIOTCA 3a MeTacoMaTHYeCKOe OOpaso- 
BaHHe rpaHHTOB 3a CueT rpaHuTusaluu Apyrux nopoyx. ABTOp MoaraeT, YO MHOrOMHMHEpasIbHOCTh 
[paHHTOB MW YCTOMUMBOCTS UX KOUMUCCTBEHHOrO MMHEepaJIOrMyeckKoro CocTaBa MpoTHBOpeyaT MeTaco- 
MaTHuUeCKOMy HX IIPOW3xO7K][eHHIO UM He MoryT ObITS 0O’sACHeHbI Oe3 NocpefIcTBa pacilaBeHuA, 
T.e, MarmaTuuecKoH cragquu. JIuddy3ua KOMINOHEHTOB uepes PaCTBOPbI WIM yepes TBep bie 
TOPOMbI He MO*KET BLISBATh BbIPABHMBAHUA KOJIMUCCTBCHHBIX COOTHOMCHMH MMHEpasioB. IIpen- 
craBsleHHe 06 HCKIIOUNTeIBHOM pom puddysuu uepes TBepAbIe MOposbI UpH meTamopdusme 
TIpoTHBopeuuT TeouorMueckuM HaOsmOeHHAM Haj OumMeTacoMaTMuecKuMH oOpas0BaHHAMH, Kak 
ykasaHo Bbllue, H BOOOUIe Hal paciipeseseHHem Metamopdus3sma Hu Duddpy3HoHHOH 30HaJIbHOCTH. 

SnauntenbHO Sombie ocHOBaHMi MMeeTCH JIM TOrO, UTOOLI CBASBIBaTh MeTaMOp@u3M MU 
TpaHUTHsallM10 C BOselicCTBHeM IIpOcauMBalOWUXCA PaCTBOPOB, Kak 9TO NpeMONAarasoch II. Tepmne 
(1910). FOsenwmHpie BOcXOAUIMe pacTBOPbI CYyIIeCTBCHHO BOJTHBIC, TIpocauMBavich wepe3 
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cuammmueckyio OOoIOUKY 3eMHOrO Wapa, MOryT BbISBaTb Us0upaTesIbHOe ee pacrwiaBJIeHUe, C o6pa30- 
BaHHeM 9BTeKTHUACKOM TpaHUTHOH MarMbI. CyleCTBeHHad UacTb IOBCHHJIbHbIX JICTYUHX KOM~ 
HOHEHTOB yepykuBaeTcA OOpasyromlelica MarMOli HM BbIACIACTCA TOJIBKO MIpH Ce KPHCTasUIM3alMu, 
uTO OOYCNOBIMBaeT OCOOyIO HHTCHCHBHOCTh NOcTMarMaTHUecKoro MeTamopdusma. JipyraA uacTb 
muacdyHyupyer uepes Marmy, a 3aTeM MpocauMBaeTcA Uepe3 MOPOTbI KPOBIH, NPOMSBOA MX MeTa= 
mMopdusm u rpanurusanu1o. IIpu sToM OJDKHa BOSHHKHYTb MH(PpHJIbTpallwoHHad MeTacoMaTH- 
uecKad 30HaJIbHOCTh, CBOHCTBa KOTOpoii paccmMoTpeHBI BbEUUe. BBepxy pacTBOpbI MpOM3BoO/AT. 
,,HOPpMaJIbHEI MeramopdbusM‘‘, Ip KOTOPOM TOJIbKO BOJa M yryleKHcIOTa BeAyT ceOA MOLBYOKHO. 
Hmwxe uger 30Ha, B KOTOPOM AKTHBHOCTb KaJIMA HU HaTpHA IPMBeeEHb K YPOBHIO, yCTaHOBMBIIe- 
MYyCA B Tlojlerkallleii rpaHuTHOM MarMe, C COOTBeTCTBYIOUJUM YMeHBIIeHHeM MaKCHMaJIbHOrO UHMCIIa 
cocylyecTBy!Olux MuHepanoB. Ilosromy, c MOBbIMeHHeM TeMIepaTypbI MeTaMOpu3M TOM 3OHbI 
wpwoOperaer xapakTep rpaHuTu3alHH, OCOOeHHO BOJIM3H KOHTAKTOB C rpaHuTamMu, rye HauMHaeTcA 
wu30upaTesbHoe TwiaByieHve. Cama HIDKHAA 30Ha UpeycraByieHa OfHOdasHbIM OOpasoBaHHem— 
marmol. Ilo mepe mpocauHBaHHA paCTBOpOB TpaHHIbI BCeX ITMX 30H MpOBHTalOTCA KBepxy. 

Oco6nlli MHTepec MpeCTABJIAIOT ABJICHHA Ha (pouTe paciiaBieHuaA. IIpeacraBumM KOHTaKT 
rpaHuTHOM MarMbI C KpOBJIelt MOpoy{ OCHOBHOrO cocTaBa. LEcjIm B 9TOM KOHTAKTe€ MMeIOT MeECTO 
TOJLKO Wudidby3HOHHbIe ABJICHHA, TO TOIDKHa OOpas0BaTbCH SHJIOKOHTAKTOBaA 30Ha rHOpuyHO 
MarMbl, paBHOBeCHOH Cc IpWiexKalIuMH MeTaMopd@usoBaHHbIMu nopozamu. Llosromy pacTBopsl, 
BbIJ[eJIACMbI TaKOM MarMOH, He CMOryT paCTBOPATb KaKHX JIMO0 KOMMOHEHTOB KOHTAKTOBOM MOposBI. 
Ho ecum mpoxoxKeHHe pacTBOpOB Yuepe3s MarMy HM e€e€ KOHTAKTbI CXOJJHO C BbIIeCOMMCaHHbIM IIpo- 
cauuBaHiem, TO oOpa3s0BaHHe rHOpuAHO MarMbI OyfeT 3aTpy/[HeEHO TOKOM pacTBopuTeseli, KOTOpbIe 
JIOJDKHbI PaCTBOPATb TE KOMIIOHEHTHI, KOHI[CHTpallMA KOTOPbIX TIO MyTH pacTBOpuTesei MOBbI- 
maetca. Mexay Marmol M OCHOBHOM NopoyoH KpOBJIH yCTaHOBHTCA CKauOK aKTHBHOCTel JIA 
pxfla KOMINOHEHTOB, KOTOpble MU OyyT PpaCTBOPATECA MH YBJIeCKaTbCAH pacTBOpOM KBepxy. B pesysp- 
TaTe OCHOBHaA Noposa OyeT 3AMEIMaTECA KHCJION MarMOli, KaK 9TO UACTO OMMChIBAeTCA B IMTepatype. 
Ho KOHeUHO, OCTa€TCH OTKPbITbIM BOMPOC O TOM, MOKET JIM MpoxoxKenve JeTyYUuX KOMIIOHCHTOB 
yepe3 Marmy ObITb CXOJJHbIM C MpocauMBaHveM. 
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ABSTRACT 


Il plutone recente (terziario) dell’Adamello, nelle Alpi Centrali italiane, é costituito in prevalenza da una massa 
granodioritico-tonalitica, che qua e la, specialmente alla periferia, presenta limitate concentrazioni femiche ed ultrafemiche 
e un ricco seguito di filoni variamente differenziati. Il massiccio eruttivo viene a diretto contatto con formazioni 
sedimentarie e scistoso-cristalliné diversissime per etd geologica e per composizione petrografica (dalle filladi e dai 
paragneiss del Cristallino antico alle arenarie del Permiano, dalle fini arenarie e dolomie cariate del Trias inferiore alla 
complessa successione di rocce calcareo-marnose, arenacee e dolomitiche del Trias medio e superiore). Ne risulta 
un’ampia gamma di manifestazioni metamorfiche di contatto con svariatissimi effetti selettivi, talvolta senza sensibile 
migrazione di materia, talaltra invece con evidente apporto di sostanze magmatiche e conseguenti processi metasomatici 
nelle rocce incassanti. 

La nota che presentiamo riassume il risultato di parecchi anni di ricerche da parte nostra e dei nostri allievi delle 
Scuole di Mineralogia e Geologia dell’Universita di Padova: ricerche che si concluderanno prossimamente in una 
esauriente monografia geologico-petrografica sull’intero massiccio dell’Adamello. 


L massiccio intrusivo dell’Adamello, che forma oggetto della presente nota, si trova nelle Alpi 
Meridionali a cavallo fra la Lombardia e il Trentino, a sud del Passo del Tonale. Esso é costituito 
essenzialmente da una cospicua massa granodioritico—tonalitica di eta terziaria, che € compresa 

- entro formazioni scistose del Cristallino antico e terreni permo—triassici di svariata composizione. 

Questo imponente massiccio alpino é gia stato oggetto, fra la fine del secolo scorso e l’inizio di 
questo, di una fondamentale monografia geologica da parte di W. Salomon e di vari importanti lavori 
di C. Riva, G. B. Trener, H. P. Cornelius, M. Furlani ed altri autori. Tuttavia questo ciclo di ricerche 
non ha esaurito lo studio geologico—petrografico dell’Adamello e molto é rimasto ancora da fare: 
sia per quanto riguarda il rilevamento geologico di dettaglio e kesame approfondito delle condizioni 
tettoniche; sia per quanto si riferisce alle indagini sulla differenziazione chimico—petrografica della 
massa magmatica e sui complessi fenomeni metamorfici di contatto. 

In questo intento gia da vari anni, assieme ad alcuni nostri allievi e collaboratori, abbiamo iniziato 
un nuovo ciclo di ricerche geologiche e petrografiche di dettaglio, alcune delle quali gia pubblicate 
e numerose altre in corso di esecuzione (v. Bibliografia). A conclusione di tali studi, contiamo di 
poter presto pubblicare una monografia sintetica di carattere moderno su questo interessante plutone, 
che assume tanta importanza nel quadro della geologia alpina. 


LA MASSA iNTRUSIVA E LE SUE DIFFERENZIAZIONI 


Accenniamo qui brevemente alle caratteristiche essenziali della massa magmatica e¢ delle sue 
differenziazioni, quali risultano dai lavori elencati nella Bibliografia e da un complesso di oltre sessanta 
analisi chimiche eseguite in quest’ultimo decennio. 

Le facies pit caratteristiche del plutone sono le seguenti: 

(a) granodiorite biotitica a grana media o medio—minuta, che predomina nella parte centrale 
del massiccio, costituendo le cime pit elevate del gruppo dell’Adamello, e affiora altresi su larghe 
aree verso il margine settentrionale (per es.: val d’Avio e valle del Pisgana) e verso l’estremita nord— 


orientale. 
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(b) tonalite biotitico—anfibolica a grana medio—grossa con plagioclasio andesinico—labradoritico 
fortemente zonato e con una certa tendenza porfirica per l’idiomorfismo dei vistosi cristalli di orne- 
blenda (= “tonalite tipo Adamello” di Trener). Questa bella roccia, con chimismo intermedio 
fra i tipi “‘ tonalitico”’ e “ leucotonalitico ” di Niggli, prevale nel gruppo della Presanella, sul fianco 
destro della val Nambrone, sul versante sinistro dell’alta e media val di Genova e in tutte le alte valli 
che irradiano a ovest, sud e sud—est dall’acrocoro centrale dell’Adamello (Baitone-Miller, Salarno, 
Adamé, Fumo, Cavento-Valletta ecc.). 

(c) tonalite biotitico—anfibolica a grana pit minuta (= “ tonalite tipo Monte Re di Castello ”’ 
di Trener), che si sviluppa nella Valle di Daone, nel gruppo del M. Re di Castello e nei contrafforti 
meridionali del massiccio, dove offre transizione verso facies leucotonalitiche (lago della Vacca) 
e granodioritiche (M. Bruffione, M. Laione, val Fredda, val Cadino). 

(d) nuclei granito—granodioritici marginali del Corno Alto—Sostino, Sabion, Madonna di Cam- 
piglio, Meledrio—Spolverin ecc. sul lato orientale e nord—orientale del plutone. Queste masse 
periferiche a tendenza sialica presentano una certa individualita geologica, che consiglia a tenerle 
distinte da analoghe facies del corpo principale del plutone. 

(e) zolle di concentrazione femica.—La zona pit ricca di differenziazioni basiche di varia com- 
posizione é quella che trovasi al margine meridionale dell’Adamello e precisamente nella zona com- 
presa fra la Val Stabio e l’alta valle del Caffaro, ove si notano: il nucleo dioritico del M. Costone; 
la diorite del lago Frerone; la massa dioritica e gabbrodioritica del M. Blumone; la complessa area 
basica del M. Cadino, costituita da innumerevoli lenti e zolle dioritiche e gabbrodioritiche disseminate 
in una massa di fondo granitica; e infine la massa gabbrica anfibolico—pirossenica del M. Mattoni, 
che presenta nuclei ultrafemici di orneblendite e geodi pegmatitiche a grandi cristalli allungati di 
anfibolo. 

Altre facies basiche, di prevalente composizione dioritico—anfibolica, si trovano sul fianco destro 
della val di Daone, a nord del lago di Campo, nonché alla Bocca della Cunella fra la valle di S. Valentino , 
e l’alta val Breguzzo e, inoltre, presso Cima Agosta e Cima Uzza. 


Nuclei dioritico—anfibolici affiorano pure fra gli scisti cristallini al margine nord—occidentale 
della massa tonalitica, sul fianco sinistro della Valcamonica (M. Marser—val Malga, conca del Baitone, 
val Moja ecc.). 


Mentre le facies basiche finora ricordate si possono considerare essenzialmente come differenziazioni 
_periferiche del plutone, altri minori nuclei femici si trovano sparsi nell’interno della massa eruttiva 
principale e sono costituiti per lo pit’ da concentrazioni biotitiche nella granodiorite (val d’Avio) 
e da concentrazioni anfiboliche o anfibolico—biotitiche nella tonalite (Pantano d’Avio, alte valli 
di Miller, Salarno e Adamé, zona lago Nero—rifugio Mandrone nell’alta valle di Genova). Queste 
rocce sono caratterizzate da un netto idiomorfismo dei cristalli di orneblenda verde ad abito pris- 
matico tozzo e della biotite a lunghe pile di lamelle sovrapposte. 


(f) filoni—La massa eruttiva principale é accompagnata da un ricco seguito filoniano, che si 
sviluppa soprattutto alla periferia del massiccio e nelle formazioni circostanti. La zona pid ricca 
di filoni ¢ quella del settore meridionale fra la valle di Stabio e V’alta valle del Caffaro, gid ricordata 
per la varieta delle segregazioni basiche. In quest’area relativamente ristretta si possono contare 
oltre trecento filoni poco differenziati (graniti, microdioriti, malchiti e porfiriti plagioclasiche), o 
nettamente differenziati sia in senso sialico (apliti e quarziti feldispatiche) sia in senso femico (porfiriti 
orneblendiche, spessartiti anfiboliche, kersantiti anfibolico—biotitiche, porfiriti anfibolico—piros- 
seniche talora con olivina). 

Fra le altre zone notevoli per numero e varieta di filoni possiamo citare: il gruppo del M. Re 
di Castello con il bacino del lago di Campo; il gruppo del Corno Alto e la regione fra la val Seniciaga 
e la val di Borzago; il nucleo periferico del Doss del Sabion, ove sono frequenti facies aplitiche tanto 
filoniane quanto marginali del corpo granodioritico; l’alta val di Genova nei dintorni del rifugio 
e del ghiacciaio del Mandrone. 
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Piuttosto rare appaiono le pegmatiti, che tuttavia si possono qua e la:osservare specialmente 
nelle valli di Genova, di Salarno e dell’Adamé. 3 ) a 

Un motivo strutturale di notevole interesse & costituito dagli orientamenti paralleli, di, origine 
primaria, fluidale, che presenta la massa eruttiva lungo i margini del settore nord—orientale, sia in 
val di Sole sia in val Rendena, come pure nella bassa val di Genova ove. il fenomeno assume una 
particolare intensita ed evidenza. La tessitura parallela si ritrova anche nell’alta val Rorzago e ancora 
pit a sud in val Cadino. spl, aoe OS setle 

La nuova serie di numerose analisi chimiche che abbiamo ormai a disposizione (eseguite da A. 
Bianchi, A. Cavinato, D. Colbertaldo, G. De Lucchi, M. Fenoglio, O. Hieke, R. Malaroda, .G. 
Ogniben, G. Schiavinato), consente di riconoscere nella massa e nei suoi filoni un chimismo essenzial- 
mente alcali—calcico, con lievi e locali deviazioni in senso alcalino. 


LE FORMAZIONI INCASSANTI 


Hi plutone dell’Adamello si é intruso in una potente serie di terreni che si estende dal Cristallino 
antico al Trias superiore, comprendendo i seguenti termini stratigrafici (dal basso in alto): ° 

(1) Cristallino antico prepermiano, verosimilmente archeozoico: filladi quarzifere, quarziti sedi- 
mentogene, micascisti, paragneiss e scisti carboniosi della serie sudalpina; ortogneiss di Stavel, 
micascisti, paragneiss e altre rocce della serie austroalpina del Tonale. . 

(2) Permiano: arenarie minute, passanti ad argilloscisti finemente stratificati, di colore grigio 
o verdastro e qualche volta anche rossastro (stati di Collio); porfidi quarziferi e tufi, talora in facies 
laminata ; arenarie di Gardena, per lo pit rossastre, con letti di conglomerati a facies del ‘‘ Verrucano ”’; 
calcare a Bellerophon (dove presente). 

(3) Scitico (Werfeniano) inferiore: arenarie minute e argille scistose rosse del Servino, talora con 
intercalazioni calcaree. 

(4) Scitico (Werfeniano) superiore: calcare a cellette e dolomia cariata, 

(5) Anisico inferiore: dolomie (facies di scogliera); calcari scuri, finemente stratificati, nodulosi— 
lenticolari, in fittissima alternanza con sottili letti argilloso—marnosi (facies camuna); grossi banchi 
calcarei, compatti, chiari e scuri, a superfici piane, senza letti marnosi e argillosi (facies giudicariense). 

(6) Anisico superiore: calcari nerastri in fitta e regolare alternanza con letti marnosi, talora inter- 
calati da banchi arenacei e conglomeratici. 

(7) Ladinico inferiore (strati di Livinallongo — Buchenstein, zona a Protrachyceras reitzi): calcari 
nodulari scuri pi o meno ricchi di lenti selciose e a sottili interstratificazioni argillose, che talora 
alternano con materiali tufacei, scuri o verdastri (pietra verde): i calcari nodulari possono localmente 
far passaggio a banchi selciosi con arnioni ¢ letti calcarei. ¥ 

(8) Ladinico superiore (strati di La Valle — Wengen, zona a Daonella lommeli);: calcari finemente 
stratificati, marne e argilloscisti, per lo pit di colore scuro fino a nero, tufi e arenarie tufacee. 

(9) Ladinico (facies eteropica di scogliera): dolomie e calcari di Esino. 

(10) Carnico inferiore (strati di S. Cassiano): dolomia cariata, giallastra, farinosa presso la vetta 
del M. Frerone nell’Adamello meridionale. 

(11) Carnico superiore (strati di Raibl): nelParea interessata dall’intrusione il Raibliano sembra 
rappresentato da originari scisti arenaceo—argillosi alternanti con arenarie minute, quali si osservano 
in facies fortemente metamorfica per contatto sul valico del Forcel Rosso, a cavallo fra la valle, di 
-Adamé ¢ alta valle del Chiese. 

(12) Norico: dolomie e calcari dolomitici (dolomia principale). 

(13) Retico inferiore: calcari nerastri con sottili letti marnosi (in facies metamorfica per contatto 
sul fianco destro della val di Fumo, presso Malga Breguzzo). ; SG 

(14) Retico superiore e Lias (2): al disopra dei calcari marnosi retici segue, in val di Fumo, una 
potente massa calcareo—dolomitica che rappresenta la parte alta del Retico e forse anche il Lias 
inferiore (dolomia a Conchodon). 

Per quanto riguarda la distribuzione geologico—topografica dei terreni suelencati, che vengono 
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a diretto contatto con la massa intrusiva, ci limitiamo a dare qui alcuni cenni necessari per la com- 
prensione dei processi metamorfici di cui diremo in seguito. 

Al margine settentrionale il plutone é direttamente incassato nella serie delle filladi quarzifere 
sudalpine e rocce associate (‘‘ scisti di Edolo ”’ del Salomon) e soltanto all’estremita nord—orientale, 
in val di Sole, raggiunge gli scisti della serie austroalpina del Tonale. 

I parascisti di Edolo, fasciati da una sottile copertura di terreni permo—triassici in corrispondenza 
alla grande anticlinale camuna, prevalgono pure sul lato occidentale fra Edolo e Capodiponte in 
Valcamonica. Pi a sud fin oltre Breno e su tutto il settore meridionale, dalla Valcamonica alla valle 
delle Giudicarie, la massa eruttiva é contornata da vari termini della serie triassica sudalpina, a cui 
si accompagnano verso !’esterno le formazioni permiane. 

Sul lato orientale, in val Rendena, prevalgono parascisti di varia composizione (filladi, quarziti, 
micascisti, paragneiss), che il, Salomon ha riunito sotto la denominazione complessiva di “ scisti 
di Rendena.”” Dobbiamo aggiungere pero che in tutto il settore da Pinzolo a Madonna di Campiglio 
e a Dimaro gli originari rapporti intrusivi fra la massa magmatica e le formazioni incassanti sono 
mascherati o addirittura sostituiti da nuovi contatti di natura tettonica, che hanno addossato al margine 
nord—orientale del massiccio, oltre alle formazioni del Cristallino antico e del Trias superiore, anche 
terreni cretaceo—eocenici. 

In conseguenza di queste dislocazioni, la massa tonalitica—granodioritica e le rocce incassanti 
appaiono qui intensamente deformate e ridotte allo stato di cataclasiti e miloniti post—cristalline, 
che formano oggetto di una interessante memoria del Dott. R. Malaroda. Fenomeni analoghi si 
osservano anche lungo I’orlo settentrionale del plutone, sul fianco destro della val di Sole, in rapporto 
alla vicinanza della linea tettonica del Tonale (= linea insubrica auct.). 


FENOMENI METAMORFICI DI CONTATTO E LORO EFFETTI SELETTIVI 


La varia composizione della massa magmatica e dei suoi filoni e soprattutto la grande diversita 
dei terreni che costituiscono la ricca serie stratigrafica della regione, hanno dato luogo a una vastissima 
gamma di fenomeni metamorfici di contatto, che compongono un quadro di effetti selettivi di rara 
complessita e del pit grande interesse. 

Per il breve spazio accordato alla presente nota, non possiamo che limitarci a cogliere qua e la 
qualche motivo piu saliente di queste multiformi azioni metamorfiche, che erano poco o nulla conosciute 
fino al tempo dei nostri studi sulla regione di Bazena, ove nel 1937 abbiamo guidato numerosi geologi 
italiani e stranieri in occasione della 50* adunanza estiva della Societa Geologica Italiana. 

(a) Facies metamorfiche di contatto negli scisti cristallini—Avvicinandosi alla massa eruttiva, 
le filladi quarzifere e i micascisti della Valcamonica come pure i parascisti della val Rendena appaiono 
sempre pit intensamente induriti, silicizzati, e acquistano una cristallinita pit spiccata assumendo 
una caratteristica tinta bruno—rugginosa a riflessi violacei per la diffusa e abbondante neogenerazione 
di biotite. Qua e la fanno passaggio a cornubianiti gneissiche contenenti minerali caratteristici di con- 
tatto, come andalusite, sillimanite, cordierite, granato, tormalina ecc. Fra le zone ove questi effetti 
si osservano su pill vasta scala 0 con maggior intensita possiamo citare: la bassa val d’Avio, la conca 
del lago Baitone, lalta Valsaviore, i gruppi del Corno Alto e del M. Sabion. 

(b) Facies metamorfiche nei terreni permiani.—In tutta la formazione permiana che si estende 
a margine della tonalite tipo M. Re di Castello, dal lago d’Arno al lago di Campo, l’influenza di 
contatto della massa magmatica si manifesta in modo vistoso per la caratteristica e diffusa macchietta- 
tura, rappresentata da chiazze, efflorescenze dendritiche, mosche e lenticelle di tinta grigio—bruna 
Oo grigio-verdastra. Si tratta di quarziti e di cornubianiti quarzoso—feldispatiche, a biotite, clorite, 
muscovite e tormalina eterogeneamente distribuite. In modo analogo, i fenomeni metamorfici hanno 
trasformato le primitive arenarie permiane di Gardena in quarziti macchiettate anche al M. Ignaga 
e al passo del Bos, sui due lati del vallone dell’ Adamé. 

(c) Facies metamorfiche nei sedimenti del Trias inferiore (Scitico)—La complessa successione : 
di terreni che formano la parte bassa del Trias inferiore, gia costituita originariamente da arenarie 
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minute e argille scistose con intercalazioni calcareo—marnose, é stata trasformata essenzialmente 
im una ripetuta e fitta alternanza di cornubianiti e scisti cornubianitici variegati, a liste o a chiazze 
é bruno—rossastre, grigie e verdi, nelle quali prevalgono talora la biotite e talora la fassaite come 

prodotti di neoformazione, accompagnate qua o la da tormalina, andalusite, sillimanite, flogopite 
granato. 

Con i materiali sopraddetti alternano banchi sottili di marmi saccaroidi e calcefiri a granati, 
Pirosseni, flogopite, epidoto e altri silicati. Le zone piu interessanti per la constatazione sul 
terreno di questi eleganti prodotti del metamorfismo sono la sponda destra del lago d’Arno, il passo 
di Campo e lalto valico del Forcel Rosso fra la val di Fumo e la valle dell’Adamé. , 


Nelle stesse zone si puo inoltre osservare lo scarso effetto risentito dalla dolomia cariata (parte 
alta del Trias inferiore), che tutt’al pil assume una grana saccaroide senza acquistare di solito né 


compattezza litoide né minerali di nuova genesi, cosicché rimane facilmente erodibile anche nelle 
zone di intenso metamorfismo. 


(d) Facies metamorfiche nei terreni anisici—La regione di Bazena, nell’Adamello meridionale, 
€ senza dubbio quella che offre il maggior interesse per lo studio dei vistosi effetti selettivi di meta- 


‘ane sui sedimenti calcarei, calcareo—dolomitici e caleareo—marnosi con qualche letto arenaceo, 
ell Anisico. 


La Valbona, l’alta Valfredda e le pareti meridionale e orientale del M. Frerone rivelano su larga 
scala la profonda trasformazione subita dai terreni dell’Anisico inferiore in facies camuna. Mentre 
i letti calcarei presentano essenzialmente un semplice processo di ricristallizzazione e sono in generale 
poveri di minerali nuovi (fra i quali possiamo annoverare flogopite, tremolite e rara scapolite), invece 
negli interstrati marnosi si sviluppano calcefiri e cornubianiti a granato, fassaite, epidoto e flogopite 
con vario gioco di associazioni e di aspetti. 

Per la facies prevalentemente calcarea, giudicariense, dell’Anisico inferiore, possiamo assumere 
come tipico il giacimento da noi rilevato lungo la strada carrozzabile presso Alpe Bazena, dove un 
grosso filone granodioritico—dioritico viene a contatto con i predetti terreni sedimentari, inviando 
in essi alcune vene aplitiche. Il giacimento fu studiato in particolare da G. Schiavinato, il quale vi 
riconobbe la presenza di “‘ skarn”’ andraditico—hedenbergitici a plagioclasio di origine pneumato- 
litico—metasomatica, nonché di cornubianiti e calcefiri vari a wollastonite, diopside, granato, 
vesuviana, epidoto, brucite, ecc. 


Per la facies calcareo—dolomitica di scogliera dell’Anisico inferiore possiamo invece ricordare 
un altro giacimento, da noi pure trovato nello stesso settore meridionale dell’Adamello. E’ questo 
il giacimento di contatto del M. Costone, a cavallo fra la Valbona e la val Stabio, che fu oggetto 
di una memoria dettagliata da parte di O. Hieke. Si tratta di lenti di calcefiri e cornubianiti immerse 
in una massa dioritica, che presentano come minerali caratteristici di neoformazione metamorfica: 
fassaite, granato, xantofillite, epidoto, vesuviana e brucite. 

Influenze metamorfiche in complesso analoghe a quelle dell’Anisico inferiore calcareo—marnoso 
hanno subito anche i sovrastanti sedimenti dell’Anisico superiore, come abbiamo potuto rilevare 
sia sul M. Frerone nell’Adamello meridionale sia sul Forcel Rosso fra la valle di Fumo e la valle di 
Adamé. 


(e) Facies metamorfiche nei terreni del Ladinico inferiore (zona a Protrachyceras reitzi).—Nelle 
stesse localita test? menzionate del M. Frerone e del Forcel Rosso si possono osservare in facies 
altamente metamorfica gli strati di Livinallongo (Buchenstein), rappresentati da marmi saccaroidi, 
banchi di cornubianiti verdastre a diopside con anfibolo e vesuviana e banchi di cornubianiti rossastre 
a biotite e granato. A questi si accompagnano anche letti di arenarie metamorfiche macchiettate 
(Fleckschiefer), a biotite, sillimanite, cordierite, tormalina e feldispato, e di conglomerati quarzosi 
minuti, che hanno assunto facies gneissica e tessitura scistosa. 

(f) Facies metamorfiche nei terreni del Ladinico superiore (zona a Daonella lommeli).—Anche 
gli strati di La Valle (Wengen) appaiono sul M. Frerone in facies intensamente metamorfica, sotto 
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forma di arenarie rosso-violacee scure con pronunciata cristallinita e con una diffusa granulazione 
secondaria di biotite idiomorfa, accompagnata da plagioclasio, tormalina e zoisite. 

(g) Facies metamorfiche nei calcari dolomitici di Esino (Ladinico).—In genere, le masse calcareo— 
dolomitiche di Esino hanno subito per effetto del contatto un semplice fenomeno di ricristallizzazione, 
che le ha trasformate in marmi bianchi saccaroidi. E anche 1a dove la roccia sedimentaria sia a con- 
tatto diretto con quella eruttiva, come avviene in Val Cadino e in val Fredda, l’alone metamorfico 
a silicati calcio—magnesiaci é per lo pill limitato a uno spessore di qualche centimetro 0 di pochi 
decimetri al massimo. Non manca tuttavia anche nella dolomia di Esino qualche tipico giacimento 
particolarmente ricco di nuovi prodotti metamorfici. Uno di questi trovasi a quota 2591 del M. 
Frerone ¢ fu da noi affidato in particolare studio al compianto allievo nostro G. De Lucchi. In questa 
localité si sviluppano, su un’area relativamente estesa, caratteristici calcefiri disseminati di cristalli 
idiomorfi di granato, vesuviana e diopside accompagnati da epidoto o thulite. 

Limitate ma eleganti aureole metamorfiche policrome si osservano alle salbande di sottili vene 
aplitiche, che: tagliano‘le zolle di marmo di Esino immerse entro la diorite di M. Cadino in Valfredda 
(Adamello meridionale). Sono cornubianiti pirosseniche e pirossenico—epidotiche, nelle quali si 
trovano come minerali accessori variamente distribuiti in zone: orneblenda; apatite, thulite, wollas- 
tonite, spinello, xantofillite, olivina e, attorno a questa, anche serpentino e calcedonio. 

Il minerale xantofillite, che fu per la prima volta da noi segnalato in Italia fra i prodotti meta- 
morfici di contatto del M. Costone, si ritrova pure nelle lenti di calcefiri e cornubianiti a silicati vari 

_comprese in piena massa tonalitica presso il Rifugio Rosa al lago della Vacca (Adamello meridionale). 

(h) Facies metamorfiche nei terreni del Carnico—tLa dolomia cariata degli strati di S. Cassiano, 
da noi individuata sulla cresta settentrionale del M. Frerone e sulla sella fra il Farinas del Frerone 
e la q. 2591, non presenta particolari facies mineralogiche di contatto, al pari della dolomia cariata 
del Trias inferiore. Invece gli strati di Raibl, che affiorano sul valico di Forcel Rosso, gia preso in 
_considerazione nelle pagine precedenti, sono rappresentati da originarie rocce pelitiche e psammitiche 
evidentemente metamorfiche, con minuta tessitura filladica o nodulare e con diffusa mineralizzazione 
_a biotite e tormalina attorno a isole granulari di plagioclasio e cordierite. 

(i) Facies metamorfiche nella dolomia principale (Norico).—A Forcel Rosso é messo a nudo per 
una notevole estensione il contatto diretto fra la tonalite della Cima di Breguzzo e la dolomia principale 
dell’anticlinale camuna. La zona d’immediata influenza é caratterizzata dalla presenza di una chiaz- 
zatura irregolarmente variegata, ove predominano volta a volta le tinte rosee del granato e della 
thulite, verdognole dell’anfibolo, del pirosseno e dell’epidoto, brune dell’olivina pi: o meno limoni- 
tizzata e gialle del serpentino, il quale ultimo deriva da un’evidente azione tardiva idrotermale 
sull’olivina stessa. Allontanandosi dalla roccia eruttiva, il grosso della formazione dolomitica consiste 
in un candido marmo saccaroide. 

La stessa facies mineralogica di contatto si ritrova nell’Adamello meridionale, laddove la imponente 
massa dolomitica del Farinas di Stabio e del Farinas del Frerone é intimamente permeata da vene 
e filoni dioritici. Alla serie di minerali sopra accennati si associano qui anche spinello, caleedonio 
e tracce di xantofillite e wollastonite. 

(j) Facies metamorfiche nel Retico.—Gli originari calcari marnosi nerastri, forse in parte 
magnesiaci, che rappresentano il Retico inferiore sulla destra della val di Fumo fra malga Breguzzo 
e malga Casinelle, rivelano anch’essi l’azione metamorfica nella grana saccaroide degli straterelli 
calcarei e nella presenza di sottili letti silicatici con tremolite, olivina, flogopite, ecc. All’estremita 
settentrionale della lingua di marmi bianchi dolomitici, che si protende entro la tonalite fin sopra 
malga Breguzzo rappresentando il Retico superiore e forse anche la base del Lias, si trovano calcefiri 
a diopside e spinello con epidoto e granato come accessori. 


Questa rapida rassegna delle principali formazioni metamorfiche di contatto offre una chiara 
idea della complessita di effetti selettivi esercitati dalla massa magmatica sui vari termini della serie 
Stratigrafica direttamente interessati dall’intrusione. La molteplicita delle facies metamorfiche di 
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contatto si rivela anzitutto come conse 
che hanno subito l’influenza del magma. 


Dialtra parte, ad arricchire il quadro delle manifestazioni, si contrappone a questi effetti selettivi 
una serie di fenomeni di convergenza metamorfica, percui terreni molto diversi per eta e struttura, 
ma affini per composizione, offrono attualmente una grande somiglianza di facies mineralogica. 

Bastera ricordare a questo proposito l’analogia di caratteri che presentano fra loro certi tipi meta- 
morfici entro le formazioni psammitiche e pelitiche del Werfen, del Livinallongo e del Raibliano 
nella zona di Forcel Rosso, oppure nelle dolomie dell’Anisico, del Ladinico e del Trias superiore 
tanto a Forcel Rosso quanto nel settore meridionale dell’ Adamello. 

Molto meno evidente risulta un effetto selettivo in conseguenza della diversa composizione chimica 
della roccia magmatica. Tuttavia anche a questo riguardo si pud notare un differente comportamento 
dei filoni acidi rispetto a quelli basici, che attraversano le formazioni sedimentarie al margine meri- 
dionale del massiccio. Infatti le apliti e le altre iniezioni leucocratiche esercitano una influenza di 
contatto generalmente assai pili vasta ed intensa di quella dovuta ai filoni melanocratici. I pit 


istruttivi esempi a questo riguardo sono offerti dalla parete meridionale del M. Frerone in alta 
Valfredda. 


guenza della svariata composizione dei materiali originari 


Processi metasomatici—tIn tanta ricchezza di manifestazioni metamorfiche, non mancano nel 
plutone dell’Adamello processi metasomatici di contatto, per quanto gli scambi di sostanze non 
assumano generalmente grande intensita e largo sviluppo. Perloppit si avverte come causa fonda- 
mentale dei fenomeni metamorfici l’azione termica, giacché la maggior parte delle sostanze necessarie 
per impartire alle rocce la loro nuova facies mineralogica era gia presente nelle formazioni incassanti. 
Cio € stato dimostrato in particolare per quanto riguarda |’Anisico da R. Minozzi, con lo studio 
chimico—petrografico di un interessante giacimento dell’alta val Cadino, nel quale l’apporto di 
nuove sostanze da parte delle soluzioni magmatiche consiste essenzialmente in una limitata aggiunta 
di silice e allumina. D’alira parte, anche dove piu fitta ¢ la rete di apofisi e filoni variamente dif- 

. ferenziati, come per esempio in tutta la regione compresa fra la valle di Stabio e l’alta valle del Caffaro, 
non Si Osserva quasi mai un intimo scambio di sostanze adeguato alla vastita e all’intensita dell’effetto 
metamorfico generale. Cid riguarda soprattutto i filoni basici, che presentano margini nettissimi 
e senza alone metasomatico, mentre invece le iniezioni filoniane acide hanno esercitato una piu evidente 
azione metamorfico, che senza dubbio va messa in rapporto con una maggior ricchezza originaria 
di vapori, di gas e di soluzioni. i 

Ancor meno penetrabili e quindi poco suscettibili di seambi, si dimostrano gli innumerevoli lembi 
calcareo—dolomitici dell’Esino immersi entro la massa granitico—granodioritica di Valfredda e 
Valbona, attorno al M. Cadino, che non hanno risentito vistosi processi di assimilazione e di iniezione 

-magmatica. Essi appaiono come candidi marmi saccaroidi con un’aureola metamorfica di pochi 
centimetri o al massimo di qualche decimetro di spessore. 

In contrapposto a quanto si é detto, non mancano perd esempi di chiari processi metasomatici 
di varia natura. Il caso pid interessante finora messo in evidenza dalle nuove ricerche é quello del 
giacimento a wollastonite e altri minerali di contatto presso Alpe Bazena, descritto da G. Schiavinato. 
In seguito alle intime reazioni di scambio fra i calcari puri incassanti e il materiale eruttivo, si sono 
originati qui tipici ‘‘ skarn ,, andraditico—hedenbergitici di origine pneumatolitico—metasomatica, 
nonché cornubianiti e calcefiri vari a wollastonite, vesuviana, granato, diopside, epidoto, al bite. .e 
brucite, che denotano una genesi pneumatolitico—idrotermale svoltasi secondo l’autore in condizioni 
di temperatura e di pressione piuttosto elevate. 

Anche i calcefiri cornubianitici a xantofillite del M. Costone in Valbona e del lago della Vacca, 
ove questo raro minerale é accompagnato da granato, fassaite, spinello, epidoto e talora da vesuviana, 
thulite, flogopite e brucite, hanno tipico carattere di sostituzioni metasomatiche, che hanno quasi 
completamente trasformato lembi di calcari dolomitici compresi in rocce dioritiche. 

L’intima penetrazione di diorite nella dolomia principale del Farinas di Stabio e del Frerone 
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attraverso una fitta rete di apofisi filoniane e di vene, ha prodotto un altro interessante giacimento 

di contatto, il cui studio di dettaglio fu da noi affidato al dott. Metodi Konstantinov di Sofia come 

tema per il suo perfezionamento in Scienze geologiche presso Universita di Padova. In questo caso 

i processi metasomatici hanno dato luogo in un primo tempo a calcefiri a olivina, granato, fassaite, 

thulite, epidoto con tracce di xantofillite, spinello e wollastonite, mentre in una fase tardiva a carattere © 

idrotermale si @ avuta la sostituzione del peridoto con serpentino, calcedonio, pennina, talco 

e magnetite. ‘ 

Analoghi scambi di sostanze abbiamo recentemente constatati al contatto fra tonalite basica e 
dolomia principale sul valico di Forcel Rosso fra le valli di Fumo e di Adame. 

In qualche caso é avvenuta addirittura una sostituzione radicale, che ha lasciato lenti di granatite 
nei marmi di Esino dell’alta val Bazenina, oppure noduli e letti irregolari di cornubianiti granatifero— 
pirosseniche ad epidoto sui fianchi del M. Frerone. 

Anche in tutt’altro settore dell’Adamello, cioé nel gruppo del Baitone, vennero gia osservate e 
descritte da W. Salomon e da C. Gottfried lenti e vene di granatite nonché di “skarn ,, granatiferi 
a diopside hedenbergitico e biotite, che i suddetti autori interpretarono come prodotti di origine 
pneumatolitico—metasomatica. 

Una diffusa penetrazione di vapori e soluzioni di origine magmatica si pud pure invocare per la 
genesi della scapolite e del dipiro, talvolta accompagnati da un anfibolo tremolitico, nei calcari marnosi 
dell’Anisico in Valbona e in Valcamonica. 

Presso l’immediato contatto con le formazioni marnose, calcaree e dolomitiche del Trias, la roccia 
eruttiva presenta ordinariamente un alone pili chiaro di qualche decimetro fino a qualche metro 
di spessore, nel quale si rileva un netto impoverimento di componenti femici, una sostituzione quasi 
totale dell’orneblenda con augite e un arricchimento di titanite, oltrecché la saltuaria presenza di 
thulite e granato all’estremo limite della massa magmatica. Questo fatto induce ad escludere un 
vasto e considerevole assorbimento di sostanze estranee da parte del magma. Tuttavia, al margine 
meridionale dell’Adamello, abbiamo potuto osservare anche esempi innegabili di assimilazione su 
larga scala. E’ questo il caso della massa dioritico—gabbrodioritica del M. Blumone, caratterizzata 
da una grande instabilita di facies e di grana cristallina, nonché dall’inclusione di lenti cornubianitiche 
e dalla presenza di frequenti brecce di contatto a fassaite, orneblenda, antigorite, ecc. In seguito 
a un approfondito studio chimico—petrografico, Vallievo nostro dott. D. Colbertaldo ha potuto 
dimostrare l’arricchimento di calcio e magnesio e la perdita di potassio subiti da questa massa dio- 
ritica, che occupa quindi un posto particolare nell’ampia gamma delle differenziazioni femiche del- 
PAdamello. 
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ABSTRACT 


The concept of nephelinization was suggested by the writer in lectures 1939-40, and in a preliminary report on the 
alkaline rocks of Alné, published in Swedish, 1942. Independently, Gummer and Bun in 1943 used the same term when 
referring the generation of nepheline in the Haliburton-Bancroft district to the reactions of granitic or syenitic juices on 
limestone. To this as well as to the word ‘“‘ nephelinization ’? Chayes raised objections in 1945. 

The writer has found the nepheline-syenites of Alné, previously described as magmatic, largely to be nephelinized 
migmatites. A smaller part may be either rheomorphic fenites, or hybrid products of the originally intruded carbonatitic 
magmatic liquid and the substances withdrawn from the wall-rocks during the process of fenitization. The fenitization 
has progressed as follows :— 

(1) Thermodynamic shattering of the micro-structure of the migmatite ; 

(2) Introduction of CO,, F, H,O and CaO, and loss of SiO, and Na.O, resulting in formation of egirine (egirine-augite) 

and hydration of the feldspars ; 
’ (3) Dehydration accompanied by introduction of K,O and loss of SiO, (some Al,O;), resulting in formation of soda- 
orthoclase followed by nepheline ; 

(4) Introduction of P,O, and TiO,, high oxidation ratio, and loss of Na,O, resulting in decomposition of zgirine 

and formation of melanite and apatite ; 

(5) Liquefaction and removal of the leucocratic minerals, resulting in an enrichment of the femic minerals. 


-[ ‘HE map of the alkaline rocks of Alné Island published in 1895 shows an area of nepheline- 
syenites surrounded by marginal syenites and a narrow ring of metamorphosed ‘Archean gneiss- 
granite. The author, Professor A. G. Hégbom, described the nepheline-syenites as magmatic 

rocks and the syenites as mixed rocks originated from the assimilation of gneiss-granite by an alkaline 
magma. i 

My remapping of the Alno area in the years 1936-42 resulted in a radically changed picture of the 
occurrence ; the major part of the nepheline-syenites and syenites were found to be migmatites 
metasomatically altered “ in situ.” In the case of the nepheline rocks the concept of “ nephelinization ” 
was suggested in a preliminary report published in Swedish in 1942. 

Independently, Gummer and Bun in 1943, used the term “ nephelinization ’ when referring the 
generation of nepheline in the Haliburton-Bancroft district to the reactions of granitic or syénitic 
“juices”? on limestone. To this interpretation as well as to the term “ nephelinization ” Chayes 
raised objections in 1945. 

In the present case, however, the process of nephelinization is quite different from the one advocated 
by Gummer and Bun,—the lime participant of the metasomatic process having been the active 
partner and the siliceous rocks the passive one. The nephelinization at Alné is the concluding stage 
of the process of fenitization of the Archean wall-rocks caused by an intruding carbonatitic magmatic 
liquid. The most important result of the ionic exchange at the contacts has been a desilication of the 
Archean rocks and a silication of the intrusive rock. 

The fenitization process began with the thermodynamic shattering of the micro-structure of the 
migmatite, caused by a rise in temperature and an increase of internal pressure. Its effect is noticeable 
in the granulation of the quartz grains and in the increase of their optical strain. An intense perthitiza- 
tion of the feldspars due to ex-solution may be referred to the same cause. 

The next step involved the introduction of CO,, H,O, F and CaO and the removal of SiO, as well 
as some Na,O ; the migration of the last named being subject to the original sodium content of the 
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migmatite exceeding a certain limit. The resultant alterations of the migmatite are : the hydration 
of sillimanite and feldspars, the disappearance of biotite and hornblende and the formation of egirine 
or xgirine-augite. The pyroxene forms rims around the diminishing quartz grains and is in turn 
surrounded by rims of soda-orthoclase. At the point where all the quartz has disappeared the feldspars 
are generally totally hydrated into montmorillonitic, sericitic and natrolitic products, except the 
previously mentioned soda-orthoclase, which remains unaffected and even recrystallizes into long 
narrow Carlsbad-twinned laths. At this zone of maximum hydration the titanium, originally bound 
to the biotite, occurs as titanite ; the lime having been supplied either by the decomposed anorthite 
molecule of the plagioclase or by migration from the intrusive. 

Likewise, the lime of the pyroxene may derive from either of those two sources, while the soda of 
the pyroxene may have been supplied by either or both of the decomposed biotite and albite. 

When the fenitization continued beyond the point of maximum hydration, dehydration took place 
and nepheline was formed. Within the kernels of the hydrated feldspars small translucent patches 
appear which spread outwards towards the grain borders. Already at an early stage of the process 
shadowy indications of the typical crystal faces of nepheline arose out of the fibrous maze a short 
distance outside of the translucent central patch. As the homogeneity increased the crystal boundaries 
moved outwards. The micro-picture differs considerably from that obtained when a magmatically 
crystallized nepheline is hydrated. In that case no successive sets of crystal boundaries are met with, 
the outer contour being the only one discernible at the end of the metamorphosis. In the metasomati- 
cally generated nepheline, however, the hydration proceeds regularly and conformably to the crystal 
symmetry from the kernel outwards, whereas the hydration of the magmatically crystallized nepheline 
generally proceeds irregularly from the margin towards the centre. 

The different modes of genesis of the two types of nepheline are also emphasized by their compo- 
sitions. Generally, the Alné nepheline is rich in potash-nepheline and crystals have been analyzed 
which contain up to 40 per cent and more. The average value seems to be about 33 per cent and the 
lowest about 20 per cent. This applies to both types, but while the magmatically crystallized nephelines 
are increasingly potassic towards their centres, the metasomatically generated ones are increasingly 
sodic. 

This is a logical consequence of the ionic exchange between the nephelinization-zone of the fenite 
and the intrusive. The dehydration of the fenite involved not only a loss of water, migrating outwards, 
but also a further loss of silica in the case of the montmorillonitic and natrolitic hydration products. 
In case of migmatite components rich in soda a definite loss of soda has also been established. The 
silica and soda migrated towards the intrusion centre in exchange for immigrating ions, mainly potash 
and carbonic acid, besides some barium, phosphorus and titanium. 

While, in consequence, the “in situ’’-formed nepheline gradually became increasingly rich in 
potash-nepheline up to an upper limit of about 37 per cent, the nepheline crystallizing in the highly 
potassic magmatic liquid started at a potash-nepheline percentage of about 40 and absorbed more 
and more soda as the fenitization proceeded until a lower limit of about 20 per cent was reached. 

During the last stages of fenitization an increased exchange of soda was brought about by the 
decomposition of the egirine molecule of the pyroxene. Chemically, this is illustrated by an accelerated 
rise of the Niggli “k”-reference value as the fenitization proceeds beyond the zone of maximum 
hydration. At the same time the oxidation ratio increased conspicuously, certainly due to an increasing 
concentration of CO, towards the inner fenite boundary. Mineralogically, this is expressed by the 
disappearance of egirine and titanite, the alteration of the egirine-augite into diopsidic augite and 
the crystallization of melanite ; the latter containing up to 17 per cent trivalent titanium oxide. 

Close to the innermost fenite boundary a rapid fall in the percentage of felsic mineral components 
may be observed and a corresponding increase in the mafic ones. With rise of temperature and CO;- 
pressure the nepheline and the soda-orthoclase evidently reached a point where they liquefied, leaving 
a pyroxenitic or melanitic “ rest-fenite.” Where the intrusion borders on a very leucocratic fenite 
(migmatite) the pyroxene has been replaced by wollastonite, sometimes pectolitic. 
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An interesting aspect of the Alné fenitization is the increase of potash even during nephelinization. 
This suggests a reversal of the normal mobility of the potassium and sodium ions, which in this case 
seems neither to be governed by the size of their ionic radii nor to agree with the common metasomatic 
rule that the sodium precedes the potassium. 

To begin with, pressures of thousands of bars are involved and the greater compressibility of 
potassium may account for the diffusibility of potassium increasing more with pressure than that of 
sodium, as suggested in another petrological case by J. Bugge. Secondly, the direction of movement 
may have been governed not by the ionic radius alone but by equilibrium conditions connected with 
the composition of the primary alkaline intrusion. This latter, as shown by samples drawn from 
depths approximately calculable by means of the foci of the cone-sheets, was excessively potassic 
and only very slightly sodic, in striking contrast to the generally predominantly sodic character of 
alkaline intrusions. 
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Fic. 1.—A schematic representation of the position of the nephelinization zone within the fenite aureole 
of Alné at about the present erosion level. 
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With the exception of relative changes due to the previously mentioned ex-solution at the inner 
fenite boundary there is no evidence of the alumina and magnesia having taken any major part in the 
metasomatic transports leading to nephelinization. A slight addition of both potash and alumina 
seems to have occurred, however, during the fenitization of feldspar-quartz pegmatites. Generally 
speaking, it may be taken that the alumina remained nearly “in situ” during the fenitization and the 
subsequent nephelinization, only changing its partners and positions in the crystal lattices with 
progressing metamorphism. It may be worth stressing that, in spite of the great amount of potash, 
the equilibrium conditions seem in no case to have been favourable to the formation of either leucite, 
or of independent kaliophilite or kalsilite, as these minerals have so far not been found in either the 
fenites or the main intrusives of Alnd. (In the case of the dike rocks there is some doubt : where 
the average nepheline contains 47 per cent kaliophilite, two minerals may be present.) No other 
alkali-silicates but nepheline and soda-orthoclase (occasionally anorthoclase) occur ; the former 
with up to 37 per cent Kp and the latter with up to 30 per cent Ab. Plagioclases, as well as pure ortho- 
clase and albite, are generally absent. In the case of the nephelinized fenite the crystallization order is : 
soda-orthoclase —- nepheline ; and in the case of the alkaline intrusive rock : nepheline —> soda- 
orthoclase ; indicating desilication and silication, respectively. 

Megascopically and tectonically the different fenitization zones may be characterized and recognized 
as follows, (See Fig. 1) : 

(1) The thermo-dynamic shock zone by its slightly opalescent quartz grains, 

(2) The quartz-syenitic zone by its undisturbed original strike and dip, by the slightly enhanced 
colour-contrast between leucocratic and mesocratic migmatite components, and by its low quartz 
content, 

(3) The syenitic zone by its equally undisturbed strike and dip, by the strongly enhanced colour- 
contrast of the components, by the total absence of quartz and of any fresh original feldspars, and 
by its content of occasional small soda-orthoclase laths at its inner boundary (the zone of maximum 
hydration). 

_ (4) The zone of nephelinization by a gradual change of the strike into concentric and the dip into 
confocal, and by the very strongly enhanced colour-contrasts of the original migmatite components 
(still indicating the big-scale structure of the migmatite) ; also by the appearance of small hexagonal 
or square, colourless, grayish or whitish nepheline kernels within the reddish hydrated feldspars 
(nicely visible on weathered surface), gradually increasing in size and numbers ; and finally by the 
crystals of lustrous black melanite, 

(5) The inner zone of fenitization by its concentric strike and confocal dip, the colour-contrast 
still remaining but being evidently displaced in comparison with the original structure of the migma- 
tites ; by the gradual liquefaction and withdrawal of the felsic components and by an increased 
pyroxene, melanite and apatite content, en 

(6) The inner fenite boundary by its pyroxenitic “ rest-fenite ” bordering on theomorphic (liquefied) 
fenites or hybrid alkaline magmatic rocks, or in the case of fenites originally poor in Fe and Mg by 
the occurrence of wollastonite. 


DISCUSSION 
See page 100. 
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THE GENESIS OF THE ALNO ALKALINE ROCKS 


By HARRY VON ECKERMANN 


Sweden 


ABSTRACT 


The limestone masses associated with the alkaline occurrence of Alné were interpreted by Daly as xenolithic inclusions 
partially dissolved in nepheline-syenite magma or in some antecedent magma from which the latter was a derivative. The 
nepheline-syenite surrounding most of the limestones has now been found to be nephelinized fenite while the carbonates 
(sévites) occupy the ring-dike and cone-sheet fractures of a volcanic breccia. The correctness of this interpretation is. 
amply verified by numerous drill-holes. 

While the ring-dikes surround a subsidence of some 300 feet, the cone-sheets indicate a focus at about 3,200 m. below 
erosion level at the time of brecciation. Two other systems of‘cone-sheet fractures with focal depths of 4,000 and 9,000 m. 
are occupied by calcitic dike-rocks (alvikites) and dolomitic ones (beforsites), respectively. Each system is accompanied 
by linear radial dikes of alkaline rocks. 

It is suggested that the gradual change of dolomitic carbonates into calcitic as well as the formation of alkaline rocks. 
results from metasomatic interchange of substances between the wall-rocks and a high-tensioned dolomitic magmatic 
liquid, rich in fluorine and potash. From the evidence of mineral syntheses and the samples of rocks delivered by the 
cone-sheets from definite levels, an approximate PTX-diagram of the Alné intrusion to a depth of about 6 miles has been 
constructed. 

The probability of older carbonate bodies occurring within the migmatites at such depths seems very remote. In any 
case “ limestone syntexis ” at Alné is no longer ‘“‘ an objective fact.” 


O 
3 Mis. 
Fic. 1.—Daly’s map of Alné, redrawn after A. G. Hégbom. 
G=gneiss. A=metamorphic aureole in gneiss; solid black=limestone; heavy dots=limestone with 


nepheline-syenite. S=syenite. N=nepheline-syenite. 
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ee es eee with the nepheline-syenites of the Alné Island in the Baltic, 
ee el 23 » logbom in his description of 1895 as segregations of calcite within a magma 
cone . ) begin with he did not express any definite view on the subject of the origin of 
- and carbon dioxide but later he believed it best to adopt Daly’s hypothesis and assume deep- 

seated limestone syntexis in order to account for the limestones as well as for the nepheline-syenites 
oo pee one does not outcrop for many hundred of miles in any direction around Alnd. 
sicily ame penn ie interpretation of the now observable limestones as being magma- 
Daly himself went one step farther and used Hégbom’s schematically redrawn map (Fig. 1) as 
an illustration of partly digested limestone xenoliths within an alkaline magma, adding the following 
commentary: “ Whatever the origin of the limestone masses at Alné, their partial solution in nepheline 
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Fic. 2.—Map of the alkaline part of Alné Island. 


syenite magma, or that from which nepheline syenite has been derived, is an objective fact.” Since 
then the geology and petrology of the Ainé area have been completely revised and the new map (Fig. 2) 
is based on numerous new outcrops in road cuttings, extensive uncovering of the bed-rock and a 
score of diamond drill holes. Very little remains of the representation of the old map; the new mapping 
having shown that most of the nepheline-syenite is nephelinized fenite, that the limestone occurrences 
occupy extensive ring-dike and cone-sheet fractures of decidedly volcanic character and that their 
tectonic emplacement is very likely that of a diatreme. 

Using the nomenclature adopted by Brégger for the Fen alkaline area, the limestones may be 


‘termed sdvites. The sdvite ring-dikes surround a subsidence of some 100 metres while the average 


55° dip of the sévite cone-sheets indicates, when projected downwards, a focus at about 1,200 metres 
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below the present erosion level. Assuming a specific gravity of 2-5 and a tensile strength of 500 kg/cm? 
for the overlying rocks, the depth of that focus at the time of the brecciation may be calculated at 
approximately 3,200 metres. Taking into consideration the coinciding position of the sub-Jotnian 
and sub-Cambrian peneplanes slightly above the present summit-level of the adjoining hills west 
of Alné, the major part of the 2,000 metres of rock removed by erosion must necessarily have been 
sediments. 

Outside the s6vite-breccia, and mostly even outside of the alkaline area proper, two other sets 
of cone-sheet fractures occur with focal depths of originally 4,000 and 9,000 metres, the foci being 
approximately situated directly beneath the focus of the sdvites. The first set is occupied by carbo- 
natitic dikes of calcitic habit and are termed alvikites, while the later and younger set is occupied 
by dolomitic dikes, called beforsites. Each cone-sheet system is accompanied by linear radial dikes 
_ of which the first and older set generally consists of types equivalent to the main alkaline rocks, mostly 
_ foyaite-porphyries, while the later set embraces alnditic, kimberlitic and melanite-ouachititic dike 
_ rocks (Fig. 3). The radial dikes are generally of slightly younger age than their concomitant cone- 
sheet dikes. 

Consequently, we have had three consecutive and almost explosive shatterings of the surrounding 
older rocks along the ascending conduit of the alkaline intrusion, the first one having occurred about 
3,000, the second one about 4,000 and the last one about 9,000 metres below the erosion surface 
of those days (Fig. 4). By the study at present erosion level of the consolidated liquid forced into 
the fractures at great speed, the character of the intrusive magma at different depths has been directly 
disclosed or may be deduced. 

At about 10,000 metres the composition seems to have been that of a carbonatitic melt rich in 
magnesia, lime, titania, phosphoric acid, potash, fluorine and carbon dioxide; containing some iron 
oxides, alumina and water as well. The carbonate, when crystallized, is dolomitic. 

It is suggested that the gradual change from a dolomitic carbonate at 10,000 metres to a calcitic 
one at 4,000 metres resulted from a metasomatic exchange between the intrusive liquid and the wall 
rocks. The study of the fenitization of the adjoining Archean, of the partly rheomorphic and partly 
hybrid nepheline-porphyries, as well as of the radial dikes of corresponding composition at the 
present erosion level, has shown that the metasomatic action produced a desilication of the wall 
rocks and a silication of the carbonatitic magma. 

This silication, which in every instance must have taken place at pressure-temperature conditions 
below the dissociation point of calcite but probably at or above that of magnesite, was accompanied 
by a de-dolomitization of the dolomitic carbonate. Orthosilicates of magnesia were formed, ranging 
from forsterite to monticellite, which settled gravitationally, leading to the formation of kimberlitic 
rock-types. At the same time carbon dioxide was released and accumulated towards the top of the 
intrusion, part of it taking an active part in the fenitization process by decomposing the anorthite 
‘ component of the plagioclase. rt va 

At a level roughly coincident with the present erosion surface, the intrusion reached its highest 
position, at which the increased internal CO, pressure, in comparison with which the partial pressures 
of H,O and F were probably of small importance, reached a point where the resistance of the over- 
lying roof was overcome and the diatreme developed. 

According to this interpretation of the collected evidence at Alné the nepheline-syenites surrounding 
~ the central sévite are not the differentiates of any primary sub-alkaline or alkaline magma, but solely 
the products of the silication of a very basic carbonatitic magmatic liquid rich in volatiles, which 
exchanged part of its lime, carbon dioxide and potash for silica and soda from the surrounding fenitized 
rocks. Within this hybrid magma a limited crystal differentiation may have taken place, as a result 
of the gravitational settling of femic minerals, especially pyroxenes and melanite, and rising of soda- 
orthoclase and nepheline, leading to the ultimate formation of jacupirangites and juvites, respectively. 

An approximate idea of the temperatures prevailing at different depths of the alkaline intrusion 
and within the zones of fenitization may be obtained by studying the mineral parageneses at the 
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present erosion level and comparing them with the evidence of experimental mineral synthesis. For 
imstance at a zone within the fenite, where “all the original feldspars are hydrated, termed the zone 


_of maximum hydration, the experiments of Norton indicate a temperature of about 300°C. At the 


inner fenite boundary the presence of wollastonite is associated both with the maximum temperature 
during the process of fenitization and with a very high concentration of volatiles. J udging by the 
experiments and deductions of Goldschmidt, Kréger, and others, a temperature of about 450°C. 
is suggested. A drop of 150°C. from the inner fenite boundary to the zone of maximum hydration 
seems reasonable, taking into account the heat conductivity of the rock and the distance, about 50 
to 100 metres. 

Further, the synthetic production of nepheline from muscovite has been achieved at about 350°C., 
which nicely fits in with the position of the zone of nephelinization. The temperature at the 9,000- 
metres depth level may be deduced either (a) from the fall in temperature during the rise of 
the magmatic liquid in the conduit up to the 2,000-metres level just discussed, in which connection 
reference may be made to Graton’s paper on volcanic heat, or (b) from the observation that the 
carbonatitic samples, delivered by the dike rocks from the deepest explosion focus indicate PT- 
conditions oscillating about both sides of the dissociation point of the magnesite component. Both 
postulations lead to the inference of a minimum temperature of about 600°C. 

By compilation of the chemical elements prevalent at different levels an approximate PTX-diagram 
of the Ain intrusion down to a depth of about six miles may now be constructed (Fig. 5). This 
diagram gives no answer to the question: from whence does the lime derive? but it serves to suggest 
an origin to be looked for at still greater depths. The presence of lime in the form of limestone at 
those depths at the time of the alkaline intrusion seems, however, to be very improbable when the 
following facts are taken into consideration: 

(1) The previously mentioned absence at the present erosion surface of any known limestone 
deposits or of any amphibolites which might be interpreted as metamorphosed limestones; aes 

(2) The very advanced granitization of even the best preserved sedimentary relics within the 
migmatites of this part of Sweden; and oe 

(3) The deep erosion to which the migmatites, in consequence, must have been subjected; the 
magnitude being emphasized by the previously mentioned position of the sub-Jotnian and sub- 
Cambrian peneplanes. : 

The stage of granitization represented at the present erosion surface is so intense that it seems to 
preclude even the possibility of a survival of fragments of limestones if such were part of the original 
sediments. How much less would be the chance of any limestone having continued to exist at the 
end of the granitization process at depths where the geothermal temperature alone must have been 
at least 200° and probably 300°C. higher! - 

Daly’s interpretation of the Alné limestones as xenoliths—in such a case necessarily of post- 
Archean age—was severely criticised by Geijer as far back as 1921 and is now completely ruled out 
by the discovery of the brecciating character of the sévites and the largely remaining brecciated 
Archean roof. Moreover, the ratio of Ba to Sr in the sévites, although not yet definitely established 
by analyses, seems to differ considerably from that characteristic of organic and inorganic Swedish 
limestones. The continued investigation, now in execution, of the geochemical distribution of the 
trace elements of the Alné alkaline rocks may perhaps lead to an acceptable solution of the problem 
of the origin of the lime. ee 

Backlund’s suggestion in 1932 that the answer may be found in the decomposition of the pyroxene 
seems to have been a step in the right direction, the newly collected evidence supporting the hypothesis 
that a concentration of CO, leads to instability of both the lime-bearing pyroxene and the anorthite 
component of the feldspar. As implied by Tomkeieff in 1938, the CO, is responsible for the formation 
of magmatic carbonate—but not, as he believed, of calcite; dolomite or even magnesite has in this 
case now been found to be the primary mineral. . 

The ultimate problem becomes, consequently, one of explaining the presence and concentration 
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of the CO, rather than that of the lime. Whatever the final answer to this problem may be, it can 
in any case be taken as definitely proved that limestone syntexis at Alné is no longer “ an objective 


fact.” 


DISCUSSION 


S. J. SHAND said that Dr. von Eckermann had discussed the Alné complex as if it were a unique occurrence. In 
the speaker’s opinion, Alndé was just an extreme member of a long series of silicate-carbonate intrusions of which two 
were specially significant. The Sekukuniland (Transvaal) stock was composed of foyaitic and ijolitic rocks almost identical 
with those of Alné, with a central mass of crystalline limestone. Since the entire Bushveld complex, upon which the 
Sekukuniland stock is parasitic, overlay the immensely thick limestone of the Transvaal system, it was surely extravagant 
to look elsewhere for the source of the great limestone inclusion. About Bancroft, Ontario, the nepheline-bearing rocks 
were closely associated with what was perhaps the thickest limestone formation in the world. It was easy to trace the 
normal blue sedimentary Grenville limestone into white, completely crystalline marble, from which veins and tongues of 
“ carbonatite ” had been given off and involved with the foyaitic rocks. This region of nepheline-bearing rocks had been 
studied perhaps more closely:and repeatedly than any other, not excepting even AlnG, and no less than eleven petrologists 
had tried to explain the genesis of the nepheline rocks there. The earlier workers all recognized sedimentary limestone as 
a factor in the problem, but some of the later workers had tried hard—one might almost say desperately—to escape this 
necessity. They had not succeeded. In one way or another, each of them had been compelled in the end to admit the 
the participation of limestone in the reactions that led to the production of the nepheline-bearing rocks. It was such 
considerations as these that led the speaker to say that the case for a sedimentary origin of the carbonate rocks at 
Alné was not yet closed. ; 

H. VON ECKERMANN, in reply to Professor Shand said he believed the limestone-syntexis to be a fact in several places, 
but not at Alno. 

E. SAETHER made a brief comparison between the Alné and the Fen area (Norway). He said that in the Fen area 
too, the transformation of Archean gneiss into acmite-syenite (fenite) was a conspicuous feature. The mechanism of this 
process was the formation of a sanidine, which later, during the cooling of the rock, was converted into microperthite. 
This sanidine was the only feldspar which was in equilibrium with the alkalic pore liquid, and it was formed both from 
original potash feldspar and plagioclase (the former absorbing Na,O, the latter K,O, from the liquid). The quartz was 
dissolved and replaced by crystals of the same sanidine. At Fen the original country rock was a granitic gneiss, which 
had absorbed roughly equal quantities of K,O and Na,O during the fenitization, while at Alné the country rock was a 
plagioclase-rich migmatite, which had selectively absorbed K,O and expelled Na,O to the liquid. 

The lack of explosive breccia and cone-sheets in the Fen area represented a difference from the Alné area. The Fen 
magma had had no explosive activity ; on the other hand, hydrothermal carbonate deposition took place during a very 
long time under successively decreasing temperature, and a series of rocks were formed in this way. At Alno this process 
had been disrupted by the explosive event, which gave the volatiles exit to the atmosphere. 

H. VON ECKERMANN in reply to Dr. Saether said that Dr. Saether’s description of the fenitization at Fen did not show 
~ any real difference from that of Alnéd. Where, for instance, potassic rocks poor in soda had fenitized, there was, 
of course no withdrawal of soda, but there may have been an addition. The same type of soda-orthoclases of sanidine 
habit was formed at AlnG as at Fen. 

A. Houmes said that in presenting this most welcome summary of his long-awaited study of the Alnd Complex, 
Professor von Eckermann had convincingly demonstrated the transformation into nepheline-syenite of rocks that were 
originally of granitic composition. Expressed in the simplest terms this meant that the original quartz was now represented 
by nepheline with or without a certain amount of alkali-feldspar. Alkalies and alumina had been added, and this could 
have occurred either with or without the driving out of a corresponding amount of silica. If silica had been driven out, 
it might now be represented by quartz veins in the rocks surrounding the complex. If silica had not been driven out 
there must inevitably have been a considerable increase in volume during the nephelinization. He asked Professor von 
Eckermann if he had found field evidence to indicate which of these two alternatives was the correct one. 

H. VON ECKERMANN, in reply to Professor Holmes said that he had to confirm the presence of an increase in volume, 

—B. C. KING said that much of the difficulty in explaining the association of carbonate rocks with undersaturated 
suites had been occasioned by the attempt to describe all occurrences in terms of a single petrogenetic process. This the 
limestone-syntexis hypothesis of Daly had done, whereas in fact it appeared to be applicable only to the development of 
subordinate masses of undersaturated rocks in relation to larger saturated bodies. 

The widely distributed undersaturated soda suite of East Africa could not be explained by Daly’s hypothesis. Typically 
the occurrences consisted of jjolites with a central carbonatite core, while developments of apatite rock were often also 
present. A direct relationship with volcanic activity was frequently demonstrable. The evidence seemed to be incon- 
testable that carbonatite had existed as a phase of a magma that was rich both in soda and lime, as well as being in a 
highly carbonated condition, and which developed in relation to a characteristic tectonic environment, but quite inde- 
pendently of the lithology of the invaded rocks. 
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W. CAMPBELL SMITH said that in the Chilwa Series of Southern Nyasaland Dr. Dixey had observed that limestones in 
the rocks surrounding the carbonatite filled vents were completely insignificant in bulk and that they differed in compo- 
sition from carbonatites. It was difficult to account for the carbonatites of the Chilwa Series as derivatives of earlier 
sedimentary limestones. Many of the rocks of the Chilwa Series showed tesemblances with the rocks of the Aln6 district. 

A. M. MaAccrecor drew attention to the alkaline ring complexes in Southern Rhodesia, not far south-west of the 
Chilwa centres, where the limestone and dolomite cores appeared to have the nature of cauldron subsidences, having 


dropped from the formerly overlying Umkondo formation. (See discussion on carbonatite in the African Section, in 
Part XIV.) 
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METASOMATISM AND METAMORPHISM IN THE PYRITE 
DEPOSITS OF THE URALS 


By A. N. ZAVARITSKY 
U.S.S.R. 


ABSTRACT 


The pyrite deposits of the Urals, as well as those of other countries, are considered among the most typical metasomatic 
formations deposited amidst schistose rocks. Investigations made in the Urals have shown that these ore bodies have 
been formed by metasomatism before the general dynamic metamorphism which altered the country rocks and partially 
transformed them into schists. The ore bodies themselves were considerably changed both in structure and mineralogical 
composition. A re-arrangement of the components and the replacement of certain minerals by others took place under 
new conditions of metamorphism. Thus from the indications of the metasomatic replacement it is not always possible 
to conclude which of the ore minerals are primary and which are due to metamorphism. ; 

In the slightly metamorphosed deposits colloform textures occur not infrequently. Primary marcasite and wurtzite 
are found in the least altered ore bodies. These peculiarities disappear in the metamorphosed deposits. The characteristic 
lens-shaped form of the ore bodies, concordantly enveloped by the schists, is due to the dynamic action of metamorphism. 

The differences between the various Uralian pyrite deposits are mostly the result, not of primary ore deposition, 
but of the different conditions of metamorphism. 


YRITIC replacement deposits, which usually occur within the zones of volcanic rocks altered 
P into greenstones and green schists, are considered to be amongst the most typical metasomatic 
formations. The existence of such pyrite deposits in the Urals was established about 40 years 
ago and they have been studied continually for over three decades. The investigations of the more 
southern deposits carried out in the last decade have, however, essentially changed our views as to 
the genesis of the Uralian pyrite ore bodies. Attention has been given to the réle of later metamorphism 
and to the accompanying metasomatic processes. Many features which were formerly believed to be 
characteristic of the metasomatism of schists that already existed at the beginning of the process of 
primary ore deposition should now be re-examined. 

The new data recorded in the Urals throw fresh light on the origin of pyritic deposits in general, 
for some of the recorded facts have.also been observed in other deposits of the world. The new views 
can be successfully verified in the Urals because of the especially favourable geological conditions of 
the pyritic deposits occurring in this area. 

The Ural pyritic deposits, except for a few occurrences in the axial zone of the Urals and their 
western slopes, represent a single group of deposits occurring under similar geological conditions 
within the zone of Silurian or Devonian volcanics. 

As a result of investigations carried out recently in the middle part of the Urals, pyritic deposits 
are found among the volcanics of Ludlow and Downton ages. In the middle Urals, Upper Silurian 
conglomerates contain rare pebbles of sericite and quartz rocks highly impregnated with pyrite. These 
resemble somewhat the country rocks of pyritic ore bodies and were considered a direct evidence that 
the age of ore deposition was more ancient than that of the beds where these pebbles wete found. 

The major epoch of folding as well as of large granite intrusions and the metamorphism of more 
ancient rocks is known to belong in the Urals to the Variscan. The volcanic rocks enclosing pyrite 
deposits were affected by regional metamorphism, the intensity of the latter varying both along and 
across their extension. The rocks most intensively metamorphosed are found in the Middle Urals 
where a belt of volcanic rocks (in which some sedimentary layers are embedded) underwent the most 
intensive dislocation. The volcanic rocks were changed into porphyroids and green schists and mostly 
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lost their original texture. In the northern and southern parts of the Urals the rocks are not so 
intensely crumpled. The changes are therefore less pronounced, and porphyritic, ophitic or 
tuffaceous textures peculiar to volcanic rocks are well preserved, although their mineralogical compo- 
sition has been entirely changed and now corresponds to the greenstone facies of metamorphic rocks. 


_ In the southern part of the Urals, the Tanalyck-Baimack region, less metamorphosed rocks enclose 


‘ pee belt of more strongly metamorphosed schistose rocks, both of which contain ore bodies. 
urther south, in the most southern part of the Urals, ore bodies of the Bliava deposits are found 


within a typical spilitic series consisting of pillow lavas, dikes and sills of keratophyres, and radiolarites 
interbedded with the volcanic rocks. 


Due to the varying intensity of metamorphism, these ore bodies, if actually formed before the 
epoch of diastrophism and metamorphic changes, are extremely favourable for the study of meta- 


morphic action on pyrite deposits. They enable us to trace different degrees of alteration and to 
correlate them with those of the country rocks. 


Formerly, when few pyritic deposits were known in the Urals and had been studied only in the 
Middle Urals, they were considered a priori to be younger than the regional metamorphism of the 
enclosing rocks, and the distinction between various deposits was explained as being a result of the 
different conditions under which the ores were deposited. The time of the formation of pyritic deposits 
was assumed to correspond to the major epoch of granite intrusions in the Urals. 


The pyritic deposits known and described in the Middle Urals occur in green schists, as for 
example the well known Kyshtim deposits. The deposits discovered in the southernmost part of the 
Urals differ somewhat from the Middle Urals deposits, and that made us re-examine all the other 
known deposits. It has been found that the peculiarities of the deposits vary in accordance with the 
intensity of the regional metamorphism of the enclosing series of volcanic rocks. Clear traces of 
metamorphism were found in the ore bodies of the Middle Urals. Accordingly, many students 
interested in the Ural pyritic deposits have now come to the conclusion that, being of the same type, 
these deposits differ in intensity of metamorphism and that many of the characteristic features con- 


_ sidered formerly to be of a primary nature are but the result of different degrees of metamorphism. 


If pyritic deposits have been affected by metamorphism together with the rocks enclosing them, 
such metamorphic processes may have also affected the country rocks which enclosed ore bodies and 
had undergone changes during the primary deposition of ore by hydrothermal solutions. Where 
subsequent dynamic metamorphism is supposed to have taken place, the country rocks of ore deposits 
are usually represented by chlorite- and sericite-schists. Schistosity is not so distinct in less meta- 
morphosed deposits, where the country rocks are not infrequently represented by non-schistose 
quartz-sericitic rocks. Besides sericitization, chloritization and quartzitization, hydrothermal solutions 
may have brought about other forms of decomposition, i.e. kaolinization and silicification ; however, 
such changes were concealed by subsequent metamorphism. 


In most cases, however, the mineral composition is not supposed to change greatly under the 
effect of dynamic metamorphism affecting the country rocks previously altered by hydrothermal 
solutions. Under these new conditions sericite and chlorite remain stable and only the texture of a 
tock has been subjected to changes. In this connection, it is interesting to note that coarse sericitic 
schists recorded in the Degtiarka deposit were considered by L. Duparc 35 years ago to be similar 
to the metamorphic schists of the Central zone of the Urals. In one of the Middle Ural deposits, 
‘* Riabinin Prospect,” metacrysts of chloritoid were, however, found in sericite-schists enclosing a 
pyrite body. That may be considered as an indication of the operation of stress during the formation 
of the schists. 

The rocks altered by hydrothermal solutions were probably less resistant when affected by regional 
metamorphism. After metamorphism they became more schistose, which resulted in the ore lenses 
being, after metamorphism, confined to the more schistose zones of the belt of metamorphic rocks. 
As the hydrothermal alteration is not always accompanied by sulphide mineralization, the more 
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schistose and metamorphosed zones do not necessarily include ore bodies. Although proved by actual 
investigations, this fact can no longer be considered as an indication of later ore formation in more 
schistose rocks ; neither does it prove that the more schistose zones provided passage-ways for the 
ore-bearing solutions. ; 

The process of primary replacement by ore seems to have affected different kinds of rocks, such as 
voleanic rocks—rather frequently volcanic tuffs and breccias—and occasionally even sedimentary 
rocks as well. Some ore bodies recorded in the Levykha, San-Donato, Degtiarka and Kaban deposits 
are crossed by dikes of igneous rocks (porphyrites) which have been more or less affected by dynamic 
metamorphism. a. 

Close dependence is known to exist between the form of pyrite deposits and the degree of schistosity 
of the rocks in which they happen to occur. At present this dependence in the Ural deposits is accounted 
for by the dynamic action of metamorphism. 

It was long ago established that under the influence of regional metamorphism the shape of ore 
bodies and especially of pyrite deposits has been changed as a result of the different competencies of 
ore and enclosing rocks. . 

The lenticular form is characteristic of the more competent portions of any rock series affected by 
metamorphism. It is also characteristic of pyrite bodies enclosed in metamorphosed schistose rocks. 
Occurring conformably, these lenses seem, in some cases, to disjoin the planes of schistosity bent 
around them. Such shapes of ore bodies were formerly considered as evidence that sulphide matter 
(“‘ magma ”’) had been injected under pressure. If the deposits undergo metamorphism together with 
the surrounding rocks, this peculiarity may testify to a different competency of ores and rocks and can 
be explained by the schistose rocks having been bent around more resistent ore masses under outside — 
pressure. In some cases, the boundary of the ore body runs at an angle to the general direction of 
schistosity, but usually the latter changes its direction at the contact and runs parallel to the wall of 
the ore. Ore bodies enclosed in non-schistose and less altered rocks are of more irregular form and 
fairly often follow the contact of sills or dikes. In this connection it is interesting to point out the 
difference existing between the peculiar lens-shaped form of ore bodies recorded in the rocks of the 
schistose zone in the western part of the Tanalyk-Baimack region and the more irregular form of the 
deposits in the eastern zone of the same region. 

Other evident deformations of pyrite ore bodies in the Urals are also found in certain deposits. The 
tabular body of the Degtiarka deposit is bent and crushed and shows slickensides on the displacement 
surfaces. Such deformations were observed in some other large bodies of pyrite deposits. 

When comparing the metamorphism of ores and enclosing rocks, it should be borne in mind that 
the silicates must be far the more stable minerals in general. It may therefore be assumed that if 
sulphide ore bodies and the enclosing rocks were simultaneously affected by the same alteration, 
changes would be far greater in ore bodies. The material composing ore is more liable to migration and 
recrystallization. Under general metamorphism new formations of ore minerals and their aggregates 
are believed to originate even more readily than those of the silicates of the enclosing rocks. 

It has been established that ores enclosed in volcanic rocks, slightly metamorphosed if at all (the 
Southern Urals), differ in mineral composition and texture from the ore bodies found in greenstones 
and green schists produced by the metamorphism of the same volcanic rocks. 

In the Bliava and the Yaman Kassy deposits, in the Southern Urals, the ores not affected by 
metamorphism carry together with pyrite, marcasite and occasionally an earthy variety of FeS, 
identified with melnikovite. Besides sphalerite, such non-metamorphosed ores carry wurtzite as well. 

Colloform textures are very abundant in unmetamorphosed or slightly metamorphosed ore bodies. 

It is in association with such textures that marcasite and wurtzite are found, e.g. in botryoidal nodules 

with radial structures. Melnikovite can be found in the middle part of the nodules together with 

marcasite, or in thin concentric zones. The iron disulphides, as marcasite and melnikovite, are 

obviously replaced by pyrite, and wurtzite by sphalerite. Traces of colloform texture sometimes 
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remain visible but usually the ore has been changed into a granular aggregate without any regular 
arrangement of individuals. 

In the Sibai deposit colloform structures are very common, while marcasite and wurtzite are 
completely absent. Radial forms of pyrite are, however, not an infrequent occurrence, being probably 
pseudomorphs after marcasite. 

When chalcopyrite participates in the formation of colloform structures, it usually alternates with 
pyrite in the form of thin zones or fills up the fissures crossing the nodules. Sphalerite is to be found 
in the same way. Minute inclusions of chalcopyrite are also not infrequently distributed zonally in 
sphalerite and wurtzite nodules. 

Recrystallization and transformation of marcasite and melnikovite into pyrite, and of wurtzite 
into sphalerite, occur mostly outside, but occasionally inside, the nodules of colloform texture. 

At present all the investigators of the pyrite deposits of the Urals believe that the marcasite, melni- 
kovite and wurtzite of the Bliava and Yaman Kassy deposits are earlier minerals which underwent 
recrystallization and transformation into pyrite and sphalerite. In some ores showing colloform 
textures.there occurs quartz in spherical forms which resemble the colloform textures of opal and the 
spherulites of chalcedony. Primary fine-grained and occasionally drusy structures are to be found 
in the ores as well, but although present, they are by no means characteristic. 

The remains of colloform textures similar to those characteristic of the South Ural deposits have 
been recently found in the deposits of the Middle Urals, but they are poorly preserved and rather rare. 
Thus the presence of colloform textures may be considered as traces of the original features which the 
deposits had before they were affected by metamorphism. 

In the ores of the Middle Urals occurring among metamorphic schistose rocks there are common 


textures well known in most pyrite deposits of other areas. 


Pyrite appears as a mineral formed before any others. When predominant it displays traces of 
mechanical deformation. Its grains are crushed and occasionally transformed into eyes. The fragments 
of grains are sometimes displaced. As to chalcopyrite and sphalerite they rarely display such signs. of 
deformation. They are completely recrystallized and redeposited almost simultaneously, either 
filling up the fissures of crushed pyrite or metasomatically replacing it. 

In some of the most intensively metamorphosed deposits of the Urals, however, pyrite is also 
recrystallized, cataclastic structures are absent and the pyritic ore has a granoblastic texture. The 
individuals of pyrite elongated in the direction of schistosity form a massive aggregate with a texture 
strongly resembling that of such metamorphic rocks as gneisses or quartzites. Such are the ores at 
the hanging wall of the Degtiarka deposit, enclosed in porphyroids and schists. 

It is well known that the same minerals, as for example quartz, may occur in metamorphic rocks 
both as a relic mineral, left from the original composition of the rock, and as a mineral formed during 
the process of metamorphism. While in relic minerals one may observe traces of deformation such 
as crumbling, undulatory extinction, etc., secondary quartz grains, formed during metamorphism, 
commonly display none of them whatsoever. The same features may also be observed in the pyrite 
of pyritic deposits. While some of its grains are broken and crushed residues of primary grains, others 
have originated during metamorphism. 

In some metamorphic rocks the more stable minerals, such as quartz, remained unaltered while 
others (chlorite and sericite) grew as new minerals during metamorphism. Such is also the case with 
the ores where, together with residual pyrite, other minerals have been completely recrystallized and 
redeposited during dynamic metamorphism. As with almost any metamorphic process, dynamic 
metamorphism was accompanied by metasomatism : crushed grains of pyrite were replaced by 
chalcopyrite ; the inclusions of pyrite and other sulphides developed in silicate country rock replaced 
the silicates of the rock ; thin veinlets were formed, etc. 

Taking into consideration the age of the pyrite replaced by chalcopyrite and partly by sphalerite, 
some students of the Uralian deposits thought that chalcopyrite and sphalerite were deposited during 
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a second stage of mineralization. At present it is believed that they were redeposited at the time of 
dynamic metamorphism. Being more stable, pyrite was affected only by mechanical deformations, 
while the other minerals were almost completely recrystallized and redeposited. 


The relations of sulphides in the pyrific deposits of the Middle Urals may be compared with the 
sequence of the crystalloblastic series of minerals in metamorphic rocks, but not with the sequence 
of minerals primarily precipitated from solution. 

The textural similarity to metamorphic rocks is markedly displayed in ores relatively rich in chalco- 
pyrite and sphalerite which are readily subject to recrystallization. Such ores are often characterized 
by a banded structure, layers richer in chalcopyrite alternating with those richer in sphalerite. On 
the etched polished surface of the ore separate layers sometimes display a directive gneissose texture. 
Some grains of sphalerite and chalcopyrite show thin polysynthetic twinning, due probably to pressure. 
In such gneissose ores several large grains of pyrite stand out in the manner of “ eyes ” of quartz and 
feldspar in eyed gneiss or porphyroid. In some cases grains of chalcopyrite, larger than those of the 
surrounding mass, develop around crystals of pyrite. They form haloes or tails in the pressure shadows 
quite similar to those formed by chlorite, sericite and other metamorphic minerals around the eyes of 
quartz in schistose rocks. This similarity between the ore textures and those of silicate schistose rocks 
proves that in ores textural relations between different minerals also depend on dynamic metamor- 
phism. 

Under the influence of stress, affecting ore deposits, the softer and incompetent enclosing rocks 
previously altered by ore-bearing solutions became schistose, while in the more stable pyritic bodies 
there appear transverse fractures occupied by veins of sulphides which were more mobile under 
metamorphism ; namely chalcopyrite, sphalerite, galenite and occasionally tennantite, together with 
quartz and barite as gangue minerals. These veinlets, some centimetres thick, thinning out in all 
directions, seem to be analogous to the well known metamorphic veinlets found crossing many 
schistose rocks. As a rule they cross the schistosity. Their mineral composition corresponds to that 
of the enclosing rocks. Albite, epidote and quartz are characteristic of green schists ; hematite and 
quartz are characteristic of ferruginous jasperoids ; amphibole and plagioclase occur mostly in horn- 
blende-schists, etc. The mineral composition of the above-mentioned veinlets crossing pyritic ore 
bodies similarly corresponds to the composition of these ore bodies. On the contrary in’some cases 
when ores usually rich in chalcopyrite, pyrite and sphalerite are less competent than the comparatively 
slightly altered country rocks, the ores are characterized by a banded texture and short, thin cross 
fissures, usually filled up with chalcopyrite, penetrate from the ore bodies into the country rock. Such 
phenomena are of frequent occurrence in ore deposits near the San-Donato station not far from 
Nijny Taghyl. 

The growth of pyritic crystals in the schists simultaneously with the formation of schistosity long 
ago attracted the attention of De Magnée. He pointed out that some of the pyrite crystals in the country 
rocks of pyritic deposits underwent some rotation so that the tails of sericite or chlorite scales 
originating during metamorphism became sigmoidal. The Ural deposits often display such relations. 

In his investigations of the pyrite crystals from Uralian ore deposits S. N. Ivanov used the method 
of etching by electric current, by means of which an important feature of the structure of pyrite grains 
from replacement deposits is revealed. When etched they show numerous tiny zones of growth such 
as characterize the pyrite crystals from less metamorphosed deposits. But this zoning in most cases 
disappears due to later recrystallization. In the central parts of pyrite cubes from country rock 
impregnations or of pyrite grains from more or less highly metamorphosed ore bodies, only cores 
having the outlines of pyritohedrons with distinct zoning are found. 

The pyritohedrons of the cores are probably crystals formed under different conditions than the 
cubes representing the last stage of crystal formation. It seems probable that these cubic crystals 
grew under new metamorphic conditions during which the primary pyritohedrons turned into cubes. 

It should be noted that in those Uralian pyrite deposits which, according to their geological 
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ae must be considered as highly metamorphosed, pyrite crystals are found only as cubes. 
yritohedrons appear only in less metamorphosed ore bodies*. 

That some of the crystals of pyrite included in the country rocks were undoubtedly growing 
under metamorphism, suggests that both the secondary impregnation of pyrite and the secondary 
veinlets or other accumulations of this mineral may have commonly originated during metamorphism. 
The intensity of the pyrite impregnation caused by metamorphism is not invariably the same, but 
differs according to the prevailing conditions of the crystal growth. Similarly to the preferred develop- 
ment of certain metamorphic minerals in the pressure shadows around metacrysts, favourable 
conditions for the formation of metamorphic minerals and their aggregates may occur on a far larger 
scale at the ends of ore bodies. The appearance of distinctive tails of abundant pyrite impregnation 
at the ends of the ore bodies along the strike of the enclosing schists can thus be explained. 

It is difficult to appreciate the extent of the ore-material migration, but it is evident that redeposition 
and metasomatic replacement have taken place under metamorphism. Therefore the occurrence 
of metasomatic replacement or even the formation of separate small accumulations of ore minerals 
in such a way by no means proves that these processes occurred only simultaneously with the primary 
deposition of all the ore. They may have taken place during metamorphism. 

The evidence showing that the ore-material was deposited in country rocks already affected by 
metamorphism is not convincing in this case. Thus the presence of thin pyritic veinlets crossing 
the country rocks was believed to favour the epigenetic deposition of all the ore accumulation. But 
such veinlets may have appeared later, during metamorphism, at the expense of the material of the 
ore body. They may have crossed schistose country rocks but at the same time the schistosity of the 
rocks may have originated after the deposition of the main ore which was thus subjected to metamor- 
phism together with the surrounding rocks. This is to a certain extent analogous to the above- 
mentioned metamorphic veinlets in metamorphic schists. Their formation appears to occur simul- 
taneously with the process of metamorphism. Even small satellitic ore bodies may have been formed 
in the same manner. 

During metamorphism, migration and redeposition of matter could have brought about a new 
distribution of metals in the ore deposits, such as an enrichment in Cu and Zn within the ore body. 
Under regional metamorphism different conditions of ore deposition in various parts of the ore 
bodies are probably due mainly to a difference in pressure, itself probably dependent on the form of 
the ore bodies. Thus the form of an ore body is likely to affect the distribution of the redeposited 
minerals. There is a definite relation between the proportions of Cu and Zn and the outline of the 
ore bodies. For example it has been established in the Degtiarka deposit that the relative increase in 
sphalerite and chalcopyrite occurs both vertically and horizontally in the marginal parts of the deposit. 
Moreover, the amount of these minerals increases somewhat near the foot-wall, where the ore is 
characterized by a banded texture and replacement of pyrite by sphalerite can be observed. This may 
account for the peculiar enrichment of the thinner portions of ore lenses which is usually observed 
in pyritic deposits. ; 

Since in the Urals, as well as in other regions, the peculiarities of the mineralogical composition of 
the ore were considered only as evidence of different physical conditions of the ore deposition, while 
the possible changes caused by metamorphism were not taken into consideration, little attention was 
paid to those facts which from the new standpoint throw light on the paragenesis of minerals. 

The mineral composition of pyritic deposits is known to be usually very uniform. Comparatively 
few minerals are essential components of the ore. The above-mentioned marcasite and wurtzite 
found in non-altered deposits of the South Urals, though very characteristic, are but very rare minerals. 
Pyrite, occasionally pyrrhotite, relatively small amounts of chalcopyrite and sphalerite are more or 
less constant components. Such minerals as tennantite and tetrahedrite, arsenopyrite, magnetite, 


* The pyritohedrons are of much more general occurrence in Caucasian deposits which have not been subjected to 
such a degree of metamorphism as the deposits of the Urals. The Chiraghidzor, one of the Caucasian deposits, is of 


interest because of an almost complete absence of cubes of pyrite. 
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primary bornite, enargite, famatinite, cubanite, native gold and tellurides of gold are rare or occasional 
minerals in the Uralian deposits. 

The mineralogical composition being so uniform, it is almost impossible to notice any difference 
between the paragenesis of the minerals of metamorphosed and non-metamorphosed deposits (except 
the above-mentioned marcasite and wurtzite). Up to the present time tennantite has been mainly 
found in the metamorphosed pyritic deposits of the Urals. On the contrary, enargite was reported, 
if at all, from slightly metamorphosed deposits. Of interest is the behaviour of native gold whose 
particles are extremely thin in non-metamorphic deposits but become larger in metamorphosed ore 
bodies. 

We have already mentioned the dikes crossing ore bodies. Metamorphic changes at their contacts 
are likely to be present but they have not yet been sufficiently studied. Some interesting facts should, 
however, be pointed out. In the pyrite deposits near the San-Donato station, north of the town of 
Taghyl, there are dikes of andesitic porphyry (porphyrite) crossing the ore body. At the contacts the 
pyritic ore is considerably enriched in magnetite, while farther away from the contacts this mineral 
is absent. This deposit was subjected to a relatively moderate regional metamorphism, judging from _ 
the rarely preserved relics of the primary colloform structure. According to some investigators, with 
whom the author agrees, pyritic ore at the contacts with dikes appears first to have been changed into 
pyrrhotite and then during later dynamic metamorphism turned into pyrite and magnetite, an associ- 
ation which is more stable than pyrrhotite. 

The more northern Kaban deposit consists of a few ore bodies. Some of them are enclosed in 
schists, others in porphyrites (meta-andesites). Both sets are dissected by dikes of basic porphyritic 
rocks. Noticeable traces of metamorphism have been discovered in the ore of the deposits occurring 
among schists. Of interest are characteristic intergrowths of chalcopyrite and bornite in the form of 
reaction rims at the boundaries of the grains of these minerals. They resemble the artificial inter- 
growths between these minerals obtained by Schwartz. 

The ore bodies enclosed in the better preserved volcanic rocks are less metamorphosed, the ore 
carrying the relics of colloform textures. 

The altered country rocks of the Kaban deposit are very peculiar. They are often represented by 
quartz-sericite rocks rich in quartz and quartz-sericitic rocks with andalusite, corundum and zunyite. 

The mode of formation of the Uralian pyrite deposits has so far not been ascertained in all its 
details, but our knowledge of their metamorphism enables us to systematize the variety of the deposits 
discovered during the last few years. This variety has been caused not so much by differences in the 
conditions of the primary metasomatic formation of sulphide deposits as by variations in metamorphic 
intensity and in metasomatic processes during metamorphism. 


REFERENCES 
See page 117. 


DISCUSSION 


T. VocT said he considered Professor Zavaritsky’s paper to be a most welcome and valuable contribution to the 
question of formation of the pyrite deposits of the Uralian Mountains, and in general. In a paper contributed to the 
Congress, he had entered upon one point as to the similar pyrite deposits of Norway. Here the longer axes of the 
epigenetic pyrite deposits (they also had some syngenetic) were always conformable to the structure of flowage in the 
surrounding rocks, i.e. the mechanical stretching and the crystal flowage has occurred during the metamorphism. A 
priori, the pyrite might sometimes have been formed before the metamorphism, but he thought it was more probable 
and in better accordance with the present facts to consider that the deposits had largely beer formed during the meta- 
morphic and tectonic processes. ; 


D. S. KorZHINSsky replied, giving some further explanations of the ore bodies described in Professor Zavaritsky’s 
paper. 
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METACOMATH3M VM METAMOP®H3M B 
KOJIGEXAHHbBIX MECTOPOXKXHEHHUAX VPAJIA. 


A. H. 3ABAPHIKHE. 


Iluputospie MCTaCOMaTHUECKHE 3asIeoKH, HaxO TAU MecnaA OOLIKHOBEHHO B 30Hax MeTamMopd)ui30- 
BaHHbIX BYJIKAHHUCCKUX TOPO, H3MCHEHHbIX B 3eJIEHOKAMeCHHBIe TOpObI HW 3eJICHbIe CIIaHIIbI, 


CUMTaIOTCH OMHHUMM M3 CaMbIX THMMUHbIX MeTAaCOMaTHUeCCKHX OOpas0BaHHii, BOSHHKIIHX cpeyqH 
9THX MeTaMOp@HuecKHX Nopor. 


‘ 

Takue MecTopooKeHHA CTasIM u3sBecTHbI Ha Ypame oxono 40 ser TOMY Hasayt u Gosee 30 ner 
OHM u3syuamuch. WMccneqoBpanna Ooslee 10>KHbIX U3 HX, IPOM3BeeHHbIe B TeyueHMe MocMeqHerO 
HECATHIICTHA, CYUJCCTBCHHO H3MeCHWJIM BSIJIA]{bI Ha OOpasoBaHve 9THX MecTOpoxKZeHui. Brio 
oOpallleHoO BHHMaHHe Ha OOJbUyIO pos Oomee NO3qHeErO MeTaMOpdu3sMma HM COMpOBOOKTAIOIMX ITOT 
MeTaMOp(usM MeTacoMaTHueCcKHX Hpoleccos. Muorve npusnaku, KOTOpble CUHTaJIMCh yKasaHHAMu 
Ha MeTAaCOMaTHUeCKOe 3aMelIeHHe CJIaHWeB, yoKe Cy2KeCTBOBaBIUIMX KO BPeMeHH WepBMUHOrO OT- 
HO*KCHHA PyAbl, IPHWWIOCh paccCMaTPHBaTb HHaue. 


Hospie (pakTbI, yKasaHHbie Ha Ypasie, MpoOJIMBalOT CBeT HM Ha MpOMCxoKeHHe KOJIUeAaHHbIX 
3aylexKeH BOOOMe, TAK KaK H€KOTOPble H3 9TUX (paKTOB YKAa3bIBaJIMCh HB J[pyrux MecTopooK,eHHAX 
3emMHOoro wapa. Hosbile B3rsiAbI Mors ObITA Cc yclexoM IpoBepeHbI Ha Ypasie BcejCTBUe OCcObo 
OarOMpHATHBIX JIA MOHHMaHHA 9TUX (aKTOB TeoJIOrMUeCKHX YCIIOBHM HaxXOXKeHHA 37[ecb Nupu- 
TOBBIX MeCTOpO?KTeHHH. 


KomuefaHHble MecTropoKaeHua Ypama, 3a MCKIOUCHHeM HeKOTOPbIX CJIyUaliHbIX HaXx0?K- 
eH B IWeHTpasIbHOM 30He H Ha 3allay[HOM CKJIOHe, pe/CTaBIAIOT eQHMHYIO rpylity MecToporK- 
envi, HaxOJIAUJUXCA B CXOMHbIX TeOJIOrMueCKHX YCJIOBHAX B 30HeE CHJIypHHCKMxX HM J[eBOHCKHX 
BYyJIKAHHUeECKHX IOpoL. 

Kak noKa3bIBaloT MOcsIeqHMe UCCIIeqOBaHHA B cpeyjHeli uacTtu Ypajia, 3yech MecTropooxKeHHA 
KOJMeTaHOB 3asleraroT Cpe ByJIKaHWUeCKHX MOpoy MyWIoycKoro HM WayHTOHCKorO sApycos. Ha 
Cpequem Ypaye B KOHTOMepaTax BepxHero cHJlypa HalijeHbI peKHe [TasIbKH CePHI{MTOBO- 
KBapIeBbIX MOpoOf, OOMJEHO HMMMperHHpOBaHHbIX TIMpHTOM. OTH MeTamopduueckHe TOposEl 
MOXOxKH Ha GOKOBbIC MOPOAbI KOMUETAHHBIX 3asiexKeH MH PaCCMaTPHBaJIMCh, Kak IIPAMOe yKasaHue 
Ha BO3pacT salerKelt Oomlee WpeBHUN, UeM CIIOM, Te ITM TayIbKH HaviJ[eHbI. 


Kak w3BecTHO rilaBHadt 9m0xXa CKJlaquaTOCTH MU MOxABsIeHHe OOIIMX rpaHHTHbIX HHTppy3Hii 
Ha Ypasie, a TakKxKe MeTaMOpdu3M OosIee peBHUX NOpO], OTHOCATCH 3/[eCb K BaPHCCKOMY BpemeHH. 
BysKanmueckHe MOposbl, sakoualouyHe 3aJIe@KH KOUGeaHOB, MpeTepleM BosfeHcTBue perHo- 
HaJIbHOrO MeTamMopd@us3ma. 

Ha a1MHHOM MpoTsKeHUuM Ypasia, rye paciOIOxKeHbI KOUeAaHHbIe MECTOPOPKICHHA, NOposbl 
NOWBepriuch MeTaMOp@u3My, MHTeCHCHBHOCTh KOTOporo pa3vIMuHa KaK NO MpOCTHpaHHIO BCeH 
floMOCbI, Tak M BKpecT mpocrupanua. Handomee MHTeHCHBHO MeTaMOpQ@H30BaHHbIe MOpo{bl 
waxoyatca B Cpeyuem Ypasie, rye WosI0ca ByJIKaHHYeCKHX MOpO], CO CIOAMH 3aslerarouux B HX 
ocajlOUHbIX, CKAaTa HW AMCIOMNMpOBaHa B HaHOOJIbUIeH CTemeHH. Sylecb ByJIKaAHHUeCKHE TOPOJIbI 
TIpeBpalleHbI B NOpUpouAb!, 3eyIeHbIe CaHIbI U B OOJIBIUMHCTBE CJIyUaeB YTpaTHJIM CBO MepBo- 
HauasIbHyI0 crpyKTypy. B CepepHom u lOoxHomM Ypase ropHbie MOpoOsbI He CTOJIb HHTCHCHBHO 
cmatp!. Vi3smenenua B Hux cyladee HM CTpyKTypbI CBOMCTBeHHbIe BYJIKAHHYCCKUM NOpoam: MOp- 
(bupoBaxa, ocbuToBad M Apyrue, WIM Ty(boBax CTpyKTypa, XOPOMWIO COXpaHAIOTCA, XOTH MUHEepasio- 
raueckuii coctaB H3MeHeH HM OTBeUaeT 3e]IeHOKAMeHHOM (bau MeTamopduueckux nopoy. B 
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IOonom Ypase, B TaHaspix-Balimakckom palioHe MeHee MeTaMOp@H30BaHHbIe MOPOMbI 3akJIOUalOT 
y3Ky!o mloslocy Gomee cuubHO MeTaMOpPU30BaHHbIX CaHWeBaTbIx MOpos. Eure roxKHee Ha caMomM 
yore Ypasia B MecropoKyeHun Biasa py{Hble Tesla HaxOJATCA Cpe/{M THNMUHBIX MOpos CIMJIMTOBOU 
cep c wWapoBbIMM JIaBamMu, AalikamMH MM CHJWIaMH KepaTo@upoB MC MpocuoAMM payHOJIAMpHTOB 
cpeqM ByIKaHWueCcKHX Mopo. 

Tak Kak cTeleHb MeTaMOpdbH3Ma TOPHbIX NOpOs,, 3akIOUAaIOWUIMX KOJUeTaHHbIe 3asle7KU pa3- 
WMUHa, TO, ECM pyWHbIe Tea [elicrBuTebHO Ow OOpasoBaHbI paHbile 9N0xH AMacTpodu3ma U 
Metamop(wuecKux H3MeHeHHH, OHM MCKJNOUMTeIbHO OyarolpMATHBIe Wid usyueHHA ]eHCTBMA 
MeTamopcbu3Ma Ha KoOJUe{aHHbIe 3aslexKH. OHM NO3BOJIAIOT HaM MpOClIe{MTb PaSHble CTeICHH 
VM3MeHeEHHA B CBA3H C paSHOl CTeMeHbIO H3MeCHCHHA OOKOBBIX NOpo]l. 


Panpute, Kora ObwIO H3BeECTHO MeHBbINee YMCIO MecTOpoKeHHii H OHH ObIM M3BECTHbI 
TOJIbKO B CpegHem Ypauie, alIpHOpHO 9TH 3aleKH CUNTaIM Oosee MOJIOAbIMH, UEM PerHOHaJIbHbIii 
MeTaMOpu3M BMelalOlMxX HX MOpo, UpHueM pasJIMGHA Me*KIy MeCTOpOKeHHvAMM 00’ ACHAIIM 
pasnuiuel B yCIOBUAX WepBuuHOrO oTIOxKeHMA. Bpema oOpasoBaHHA KOUeaHHBIX 3aslerxKeri 
TIPHHHMaJIOCh COOTBETCTBYIOINMM TIaBHOl 90Xe TpaHHTOBbIX MHTpy3uii Ha Ypaiie. 


Kosruemanuble 3aslexKu, KOTOpble CTasIM U3BeCTHbI HM OMMcaHbI B CpeyHem Ypame, 3asleraroT 
cpeaM 3eJIeHbIX claHljeB. TakoBbI, HalipiMep, M3BeCTHbIe MecropoxKyeHuA Kpmrpima. 


OTKpbITHe MecTopoKTeHH Ha tore Ypaua oOHapy2KHWJIO PAT, OTIMUMM UX OT Cpe]THeypaJIbCKHX, 
WM 9TO 3aCTABMJIO MepeCMOTpeTb BCe pyre M3BeCTHbIe KOUeTaHHble sasiexu. Bpwi0 noKasaHo, 
YTO XapaKTepHble IpH3HakKH MeCTOPOPKCHHH MeCHAIOTCA B 3aBMCHMOCTH OT CTelleHH PerMOHasIbHOro 
MeTaMOpdu3Ma B pa3sJIMUHbIX 30HaX BMellaroleli TOU ByIKaHWUeCKHX Nopoyx. Brim odnapy- 
>KCHbI IPH3HaKH OUeBHHOrO MeTaMopdu3ma HM B CaMHX pyHbIX TeyaxX B MecTOpoxKTeHuAx Cpen- 
Hero Ypana. Iloosromy B HacToaIee BpeMA 3HAUMTebHOe UYMCIIO UccIeqoBaTeneH ypasiecKux 
KOJIUeJaHHBIX MECTOPOOKTCHUM MPHUWIO K 3aKJIOUCHHMIO, UTO 3/[eCb MbI UMeCeM B pasJIMUHOM CTeneHM 
MeTaMOpMH30BaHHbIe MeECTOPOXKJCHHA OAHOFO HM TOTO 2Ke THMAa UW UTO MHOrMe xXapakTepHble IpH3- 
HaKM, KOTOPble paHble CUMTAJIM MepBHUHbIMH, ABJIAIOTCA Pe3yJIbTATOM pa3HOM cTelleHu MeTaMOp- 
cusma. 


Ecnm TMpPHTOBbIe 3aslexKH IiperepiesM MeTamopdu3m BMecTe C BMCHatOulMMuW WX TOPHbIMH 
MTopofaMuH, TO HafO OOKMTATb, UTO TaKOTO posta MeTamopdbuyeckHe IIpOWeCcCbhl WUMeJIM MecTO UH B 
HCMOCpeICTBCHHO BMCITaFOUIMx PyHbIe Tesla OOKOBBIX Wopoyax, KOTOPbIe Oblmm paHee H3MeCHECHbI 
THAPOTepMasIBHbIMM PYJOHOCHbIMU pacTBOpaMU TIpH WepBOHaudaJIbBHOM o0pas0BaHun PYAHBIX TedJI. 


Tam, re MOxKHO UpefqlouaraTh jelicrBue Mo3sqHeliwero WuHaMMUeCKOrO MeTamopdu3ma, 
S6oKOBbIe NOpOAbI MpeAcTaBeHbI Kak OObIUHO XJIOPHTOBbIMH HM CepHIIMTOBLIMM cHaHiamu. B 
MeCTOPOPKMCHHAX, MeCHEe MeTAMOP(H3OBaHHIX, MHOLa CaHIeBaTOCTh MaJIO 3aMeTHa; B HEKOTOPBIX 
clyuaix OOKOBbIc NOPpOAbI—He ClaHeBaTble KBapleBO-CepHIMTOBbIe MOposBI. Bo3smoxKHo, uTO 
TlepBOHAUAJIbHbIe TH{POTePMAJIbHbIe H3MCHCHHA KPOME CePHIMTH3alHM, XIOpUTUsalWu uM pasBuTuA 
KBaplia COCTOAIM U B Apyrux (opMax pa3JioxKeHHA: KaOMHUsalMM uU cHIMNMduKAaNWH, HO 9TH 
IpeBpalljeHHA CKPbITbI NOSTHeMMINM MeTamopdu3smom. 


B OoupmiMHcTBO cylyuaeB, OJ(HaKO, NO], BIIMAHHeEM JWMHamuuecKorO MeTamop(dbu3Mma Ha ropHBIe 
HOpOAbI, TpeBapHTeIbHO H3MeHHBI€ THJ[POTEPMANbHbIMH PaCTBOPaMH, HEIb3A OXKUTAT pesKoro 
H3MeHCHHA MHHepaslorMuecKoro CocTaBa: CepHUMT U XJIOPHT OCTaIOTCH MMHepalamu ycToituMBEIMU 
M Up 9THX HOBbIX YCNOBMAX M TOJIbKO CTpykTypa Mopoy, NosBepraerca usmeHenuio. WMurepecuo 
B CBA3H C 9THM OTMCTHTb, UTO rpyOouenlyiiuaTbie cepHuHTOBLIe cnanbi JlerrapcKoro MeCTOPO?K- 
qeHua 35 mer Tomy Hasaq J[ronapkK cuuTasl NoOOHEIMH MeTamop(bHueCKHM CIIFOAHBIM cnaHijam 
IeHTpasIbHOl 30HBI Ypasa. OqHako, B OMHOM 43 MecTOpooKeHHit CpeyqHero Ypana (PaOunuucKasa 
pasBeykKa) B CepHIJMTOBBIX CiaHWaxX BMeWaIOuMXx MecTopoKTeHHe ObumM o0HapyxKeHbI MeTaKpHic- 
TaWIbl XJIOPpHTOMa. OTO MO*KeT paccMaTpMBaTBCA, KaK yKasaHHe Ha cTpecc ‘np oOpas0BaHun 
9THX CIAHUEB. 
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TuygpotepMassHo U3MeHeHHBIe HOposEl, TIOBHMMOMY, ObIIM MeHee yCTOMUMBbIMU Ip peruo- 
HaJIbHOM MeTamopdusme. Ilo Bimannem Metamopdusma onm memamuch Gosee ClaHWeBaTbIMH Hi 
MOTOMY Nocue MeTaMOpU3Ma OKasaOCcb, UTO py[Hble JIMHSbI HPMypoueHbI K 30HaM bomee paccyiaH- 
HOBAanHPIM B loroce MeTamopduyeckux nopoy. Tak Kak rij[poTepMasIbHbIe U3MeHeHUA He BCersa 
CONPOBOKAAIOTCA cyIbDUAHOH MUHepasMsalveli, TO He BCe Gomee cHaHIeBaTHIe HU Gosee MeTamop- 
(U3OBaHHBIe 3OHBI COsep»KaT pypubIe Tena. Oro WaBHO OBLIO NOKa3aHo pasBeOUuHBIMH padoTamu 
HO STO HeJIbSH TCNeph PaccMaTpUBaTh KaK NPHSHaK, YKasbIBalollMi Ha Ooee mosqHee OOpas0BaHHe 


py B Oosee pacciaHoBaHHBEIx Nopoyax, WIM Ha TO, uTO Gosee paccJIaHWOBaHHble 30HbI OblumM 
MyTAMM PyOHOCHBIX pacTBOpoOB. 


IIpoeccy nepBudHoro samemjeHua pyol nopBepramcp, NOBHIMMOMY, pa3sJIMUHbIe TOpHbIe 
NOpO/{bI: BYJIKAHMGeCKMe NOPO/ibl, HepeKO ByJIKaHWUecKHe TydbI uM OpeKuMH, B HEKOTOPBIX Cily- 
Wax TarOKe MW OcajlOUHbIe TOPHbIe Moposbi. Hexoropbie pyHbIe Tela—B MmecTopoxKTeHuAX 
Jlepuxa, Caxu-Jlonato, Jlerrapxa, Ka6an—mepeceuensi yaiikamu ugBepKeHHBIx TOpHbIxX TOpoy 
(mopdupnt!), TawoKe nopBeprumuxca B Gobel HIM MeHbIelt creneHu MHaMMUeCKOMYy MeTa- 
Mopdusmy. 

Kak M3BeCTHO, CylecTByeT TecHad CBA3b MEKy (OpMOli KosTUEaHHbIX 3aslerKeii MH XapakTepoM 
BMEJaIOWIMX UX NOPO/,, HMCHHO CTeMeHbIO COBeEpIIeHCTBa HX CaHWeBaToctu. B wacroumjee Bpema 
AWA ypasIbCKUX MeCCTOPOXKCHHH MbI CUNTAeM STY CBA3b PeSyJIbTATOM JMHAaMMUeCKOLO BOSTeHCTBUA 
MeTamMopdusma. 

YoRe MaBHO yCTaHOBJIeHO, UYTO MpH peruoHasIbHOM MeTamopd@usme pyHbIx (OcOOeHHO KOJI- 
yefaHHbIX) saslerKeli (popMa 3aslexKeli U3MeHAeTCA BCEJCTBMe pasMUHOM KOMMeTeHTHOCTH py u 
BMearouyux Wopos. 

XapaktepHa JIMH3000pa3sHaA cbopMa, KOTOpyIO TIpHHuMarIOT OosIee KOMIICTCHTHbIe yuacTKH 
TOMIMM WoOpos wowBeprarioulelica Metamopdusmy. WspecruHo TalwKe, uTo JIMH3000pa3sHad dbopma 
THMMUHAa [JIA KOUWUeTaHHbIX MeCTOPOPKJICHHH, 3aleralOuJux B MeTAaMOPp@V30BaHHbIX CjIaHIeBaTbIx 
mopoyax. Saslerad B OOWIEM COrmacHoO 9TH JIMH3bI Kak ObI pas{BuraloT MWJIOCKOCTH CIaHWeBaTocTHu, 
vsrMuOarollelica OKOIO Hux. Takue (popMbI PyJIHbIX TeJI Kora TO pacCMaTpHBaIMch Kak OHH U3 
IIPH3HaKOB MH’eKIMM cysbduyHoro MaTepHasia (,,MarMbi’‘) lo, WaBueHvemM. C TOUKH 3peHHA 
MeTaMop@u3sMa 3asIerxKeli BMeCTe C OKPy»KalOWJUMu WoposaMH—oTO yKa3biBaeT Ha pasHVlly B KOM- 
II€TEHTHOCTH py HM Mopoy, u 0O’ACHAeTCA UsrMOaHHeM CJIOCB CaHWeB OKOIO Oosee UpouHoro py]- 
HOrO TeJia IPM BHEIWHeM JaBeHuu. B HeKOTOpbIX CJlyuadx rpanula pyHOrO Tesla MpoOxoAMT NOY 
YIIOM K OOMeMy HalipaBsIeHHIO CIaHWeBaTOCTH, HO OObIKHOBeEHHO IPH 9TOM Y KOHTakTa cylaHle- 
BaTOCTh 3arMOaeTcH, UeT MapasieibHO KoHTaKTy. PyyHble Tela, sayleraloujue cpeyjM He CJlaHIe- 
BaTbIX MeHee H3MCHCHHBIX MOpos, umMeroT Ooee HeMpaBHbHyIO (OpMy; HepeKO OHH CJIeyIOT 
KOHTAKTaM CHJUIOB WIM jlalik C OKpy2KaloWMMu NWopoamu. 

Vintepecuo pasmuune MeKyy xapakTepHoii smH3000pasHolt opMol PpyAHBIX Te B sanayqHoH 
yact u Tanaspix-baiimakckoro paiiona cpeyqM Mopoy, paccuaHyOBaHHOli 30HbI UM Oosiee HelIpaBMJIBHOH 
dopmoit mecropoxKteHuli BOCTOUHOH 3OHBI 9TOrO paliona. 

_ Upyrue aABubIe Ae*PopMaluu NMpUTOBEIX gaslerKel TaK»Ke H3BeCCTHbI B HECKOJIBKHX MECTOPO?K- 
jlenHuax Ha Ypase. LIlnacrooOpasupie saieoxu B JerrapcKom MecTopo?K]{e¢HHM M30rHyTbl, B MecTax 
leperv60B pasjpoOJeHbI M OT/eIbHbIe UaCTH UX MHOLa NepeMeMIeHb1, NPWyeM Ha Pye NOABIALOTCH 
gepKasla CKOIBKeHHA. Takue Jecbopmatun oOnapy>KeHbI HM B HCKOTOPbIX HPyIMxX KPYIHBIX TeJlaXx. 


CpaBHuBad MeTaMopdusm py WM BMe{alouyux NOpoy, HeOOXOJMMO MMeCTb B BUY, 4TO CHIJIN- 
KaTbl UpesCcTaBAIOT BOOOIIe Topasyo Oosee MpOUHbIe MMHEpasIB!. Ilostomy MO?KHO JyMaTb, UTO 
IPH OJHOBpeMeHHIX U3MCHCHHAX TOPHBIX MOPO/, HM 3aKJMOUCHHBIX B HUX CYJIbPUAHBIX PYJHbIX TeII 
B MOCIeTHUX J[OJDKHbI MPOHCXOJMTh Ooslee 3HAUMTeIbHbIC M3MCHCHHA. BewlecTBo py, ciocobHo 
K ropa3yqo Oomee JerkKOMy MepeMelleHHIO HM MepekpHcTauinsalMn. IIpu o6ujem Meramopdu3sme 
HOBOOOpas0BaHUA JIA Py HbIX MMHepasIOB M MX arrperaTOB, Kak MO%KHO JyMaTb, OyayT BOER 


cKopee, UeM JIA CHIIMKaTOB BMeWjarouyux MWopor. 
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BbUIO ycTaHOBJIeHO, YTO MHHeEpaIOrM4uecKHi CocTaB M CTpykTypa py MeCTOPO?KJICHHH, 3aKJIEO- 
YeHHBIX Cpe By IKAHWUeCKUX TOPO, MOUTH He MeTAaMOpPu30BaHHbIX (TOoKHEI Ypas), crimuarorca 
oT MHHepasloruueckoro CocTaBa M CIpyKTypb!I py/, MeCTOpOKeHuH Cpe SeIeHOKAMeHHDIX MOpOs 
HM 3eyICHbIX CylaHeB, ABJIAIOWIUXCH UpOsyKTaMH MeTaMOpdu3ma Tex 2Ke ByJIKAHMYeCKMX TMOpost 
(Cpequuit Ypas), TakoKe NoKasasio pa3JIM4HA. 

B HemeramopusoBpaHHbix pywax IOokHoro Ypasia B MecTopoxKqeHHAx buaBa Amau-Kacpr 
Ha PAILy C HHPHTOM CYyIeCTBeCHHbIM KOMMOHEHTOM Py/[bl ABJIMCTCA TakKOKe MapKa3HT UM MHOT/Ia 3eM- 
muctad pasHopuguocts FeS,, KoTOpy!0 OnpejleyIMIOT KaK MeJIbHHKOBUT. Bmecte c ccbaslepHTOM 
B TaKHX HeMeTaMOp(H3OBaHHbIX pyaX BCTpeuaeTcA BIOPTIMT. 

OueHb pacripocrpaHeHHbIMH B HeMeTaMOpv30BaHHBIX MU CJ1Ia00 MeTaMOp@H30BaHHBIX Py/THBIX 
rejlax ABJIAIOTCA KOJWIO*OpMHBIe CTpyKTypbI py. Vimeo B Takux (OpMax MbI HaxXOAMM MapKa3HT 
HM BIOPTUMT, OOpasylouje NOUKM payMasbHO JyuucToro crpoeHuA. MesIbHHKOBHT BCTpeyaeTcA B 
WeHTpasIbHOii UacTH TOUeK BMeCTe C MapKa3HTOM WIM B TOHKHX KOHIJeHTpHuecKHx 30Hax. Input 
ABHO 3aMellaeT pyre JUcyIEpuybI xKerIe3sa, a cchaneput—BropTuuT. IIpu 9Tom uHorya ocTaeTcA 
3aMeTHOH KoOsUIO*OpMHaA CTpyKTypa, MHOryla 2Ke pysla MpeBpalijaercH B 3epHHCTHIM arrperaT Oe3 
3aMeTHOM IpaBMJIbHOCTH B pacilOJIOxKeHHH 3epeH. 

B mectopoxyenuu CrOaii KosuI0sopMHbIe CTpyKTypPbI OWeHb PaciIpOCTpaHeHbl, HO 3]{eCh 
COBeEpIMeHHO OTCYTCTBYIOT MapKa3HT M BIOPTUMT. OgHako He pej{KM pajiMasIbHO JIyuHCTbie (POpMBI 
MMpHta, ObITh MOXKET, ICeEBAOMOpHosbI ero 0 MapKasUTy. 


Kora B CyloxKeHHH KOJIO*OPMHBIX CTPyKTyp py/, UpHHUMaeT yuaCcTHe XaJIbKONMpHT, OH uallye 
BCero “epeflyeTCA B BUJe TOHKHX 30H C IMPHTOM HJM BbINOJIHAeT TpeWIMHKH, Mepecekarolyve NOUKH. 
B TakoM 2ke BHMye HHOrya BCTpeuaetTca u ccbanepuT. Cpeyu ccbaslepHTOBbIxX HW BIOPTIMTOBbIX 
moueK MeJIbualillIMe BKIOUCHHA XaJIBKONMpHTa HepeKO TOMKe paciOsIararOTCA 30HAJIbHO. 


Ilepexpuctammmsallia MW WpeBpalljeHvie MapKa3HTa HM MeJIbHHKOBHTa B MMpHT, a BIOPTUMTa B 
cibaylepHT uallje BCerO MPpOHCXOAMT C BHELIHeM CTOPOHbI KOJIO*OpMHBIX OOpa3s0BaHHi, HO -MHOrya 
9TH MHHepasibI pasBuBaIOTCA H BHYTPH Hx. 


B nactosiee BPeMA IOUTH BCe HCCeqOBAaTeJIN KOIIMUeTaHHbIX MeCTOpOXKeHHH Ypasa npHHn- 
MaIOT MapKa3HT HM BIOPTUMT B MecTOpoxKyeHuAX FOoKHOro Ypasa buasa u Sman-Kacpi 3a Oosee 
paHHve MUHepasibl, NOABepraroulMecad MepeKpHCTasIM3alH HW WpeBpalljeHH1o B WupuT uM ccbasiepurT. 
B HeKOTOpBIX pyjlax C KOJINIOPOpMHOM CTpyKTypol BcTpeuaeTcA KBapl| B ccbepwueckux cbopmax 
TOKE HalMOMMHAIOWHX KOJUIOOpMHbIe OOpasoBaHHA OMalla WIM xasujeyoHa. Bmecre c Kou- 
AOMOPMHBIMH CTPyKTypaMu pyJIbI B elje Ooslee 3HaUHTeJIBHOM CTeMHeCHH MbI HMeeM paciIpocrpaHeH- 
HbIMM Me€PpBHUHbI€ CIPYKTYPbl MEJIKOSEPHHCTHIe, HHOra [py30Bble, HO OHM MeHee xXapakTepHBI. 


B mecropoxKyeHuax Cpefuero Ypana B nocieqHee BpemaA TakoKe HalijleHbI B pyle OcTaTKH 
KOJLIOPOPMHbIX CTPyKTyp, MOOOHEIX TeM, KakHe OUeCHb paclIpOCcTpaHeHbI B MeCTOPOKeCHHAX 
lOoKHoro Ypasia, HO 3/,eCb TaKHe CTPyKTYPbI ABJIAIOTCH JOBOJIbHO PeKHMM H WIOXO COXMaHMJIMCH. 


Haxook enue KOWIO:OpMHBIX CTPYKTYP B YpaJILCKHX MeCTOPO?K][CHHAX MOPKET paCCMAaTPUBaTBCA 
KaK yKa3aHHe Ha COXpaHHBIUMeCA YepThI MepBOHAUAIBHOrO CTPOeHHA 3aslerxKel JO UX MeTAaMOp(dusMa. 


B pyqax mectopoKyenuii Cpeyuero Ypana, saslerakoujux cpeq Meramopdu30BaHHBIX Mi pac- 
CNaHWOBaHHbIX MOpOy, BCTpeuarOTCA OOBIUHbIe CTPyKTyPbl, XOPOWIO H3BeCTHbIe B OOJIbIIMHCTB 
MMPHTOBBIX 3aserxKeli J]Pyrux crpaH. 

IlupuT ABsIAeTCA MuHepasIOM OOpas0BaBUIMMcA paHee j[pyrux. B rex ciyuaax, Kora oH 
ABNACTCA MpeoOaaiouHM, YaCTO BHHbI ACHbIe ABJICHHA MexaHWuecKHx BO3eliCTBUIt: 3epHa 
MMpHTa pas{poOseHbI, MHOr{a OOJIOMKH UX CMeUIeHbI; MHOra sepHa MMpuTa MpeBpaljeHbl B OUKH, 
CrpykKTypa py{bl BO MHOrMX MeCTOpO?KeHHAX HallOMHHaeT CTpyKTypy OUKOBBIX THelicos. B To 
KE BPEMA XAJIbKOMMPHT UM cipaslepHT OUCH peKO OOHAapyxKUBAIOT CIIeqbI MexaHWVuecKux medop- 
MallHH: OHM MOJIHOCTBIO MepeKPHCTaWIM30BaHbI MU OTIarasIMCh MOUTH OJIHOBPeMeHHO, WIM sanosuHAA 
TPelMHKM pas7{poOseHHoro MMpHTa, MIM MeTacOMaTHUeCKH ero 3aMmellaa. 
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B HeKOTOpbIx MecTopoxeHuAxX, mperepneBuMx Haudomee cHbHEIt MeTaMOp@usM, HpHT 
TaroKe MePpeKPUCTAIM3OBaH, KaTaKJIaCTMYUecKHe CTPyKTypbI OTCYTCTByIOT HM UMpuToBaA pyaa 
IIpHHuMaeT LpaHoOsactuueckyro cTpykKtypy. Heyenumpble muputa, HeCKOJIBKO yJIMHeHHbIe B 
HanpaBenuM CilaHeBatoctu, oOpasyioT cMyOMIHOl arrperaT, HanomMHBaIoMMii crpyKTypy rHelicoB 
WIM HeKOTOpbIX KBapuMToB. ‘Takoppr pymbi JlerrapcKoro mecTropoxKeHHaA OKOJIO BUCAUErO 
Ooxa. Mecroporkjenue sto saneraer cpenu NOpMupouAOB U canes. 

MspecTHo, 4TO OH M TOT >2Ke MMHepay, yale Bcero KBapl{, MOXKeT HaXOJ[MTbCA B MeTaMOp- 
(puuecKHXx Tlopoyax HW Kak PCJIMKTOBbIM MMHepasl, COXpaHMBUIMHicA OT II€PBOHAUaJIbBHOrO COCTaBa 
Mopofbl, H Kak HOBOOOpasoBaHve BO BpemMA MIpolecca MeTamopdusma. Tora Kak B peIMKTax 
MBI MOPKEM HaOIWOaTb CJleqbI MexaHwuecKUX BoselicrBuit: pasqpoOseHve, BOJIHHCTOe MoracaHue 
M T.]I., BIOPHUHBIC 3epHa KBaplia, OOpas0BaBlinecd pH MeTaMopdusMme 9TOrO He OOHAPyKUBAIOT. 
Te 2ke YepTbl MbI MOOKEM BHeTS UM B MMpUTe KOJUeTAHHEIX saexelt. Torna Kak HeKOTOpbIe 
M3 TO SepeH NPeACTaBJIAIOTCA PasIOMaHHbIMM UM pa3/{pOOJICHHBIMH OCTaTKaMH MepBHUHbIX 3epeH, 
Apyrve 3epHa BOSHHKJIM BO BpemMA MeTamopdu3ma. 

B HeKOTOpbIX MeTamopduyecKHX TOpHbIX Moposax Gosee MpouHble MMHepasibI, Takve Kak 
KBapll, MOryT COXpaHATbCA, Tora Kak [[pyrve MuHepalibI (XIOPUT, CepuIIMT) ABJIAIOTCA HOBOOOpa- 
30BaHHAMM, BOSHHKIUMMM pv caMoM MeTamopdu3sme. Tak »ke HM B pyfax HapAy c peswmkTamu 
MMputa [pyrve MMHepaibl OKasbIBalOTCA MOJIHOCTbIO MePpeKPHCTaJIM30BaHHbIMU HM TepeOTsI0xKeH- 
HbIMM TIpH JWHaMMueCKOM MeTaMOpdusme MecToporKyeHuii. I] pu srom, Kak MOUTH DPW BCAKOM 
MeTaMOp(U4ECKOM IIpOecce HMeJIM MECTO IIPOMeCChI MeTACOMATH3Ma: pasq{poOIeHHbIe 3epHa WMpuTa 
3aMellaJIMCb XaJIBKONHPHTOM, B CHJIMKaTOBbIX OOKOBBbIX MOposfax BO BPpeMA MeTaMopdusma pociu 
BKpalvIeHHHKU NMpuTa UW Apyrux cyJIbpUAOB, 3aMelljad CHIMKATOBOe BeLWIeCTBO HOpObI, OOpas0Bbl- 
BaJIMCh TOHKHe NpOoKWJIKH Hi T.JI. 

IlpuHumaa BO BHUMaHHe BO3pacT NMpPUTa, 3aMellaemMOro XaJIbKOMMpPHTOM MH uacTbIO ccbaslepHToM, 
HeKOTOPbIe MCCIIEMOBaTeIIM JyMaJIM, UTO XaJIbKOMMpUT Mu ccbaslepHT OTarayMch BO BTOpy!O (da3y 
MHHepasiusayuH. Tenepb MbI CuHTaeM, 4TO ITH MUHEepasIbI WepeoTuarasiucb BO BpeMA JMHaMH- 
yeckoro MeTaMopdu3ma, KOTOpOMy TloyBeprasiuch MecropoKeHHA. Input, Oynyun Oomee ycroii- 
YMBbIM MHHepasIOM, MOABeprasicH MPeHMyWeCTBeHHO JIMINIb MexaHWuecKHM Jje*opMalMAM, Tora 
Kak JIpyrue MeHee ycTOMuMBble Mp MeTaMopdu3mMe MMHepasIbI ObWIM NOUTH MOJIHOCTHIO MepeKpHc- 
TaJIJIM3OBaHbI H WepeOTIIO7xKeHEI. 

CooTHOIeHHA CyIbdUOB B KOJUeTaHHbIX MecTOpOxKyeHHAx CpeyHero Ypasia MOXKHO cpaB- 
HUBaTb C MOCIIeM0BaTeJIbHOCTHIO MMHepasIOB KpHcrammoOMacTMueckoro pxya B MeTaMopduuecKUx 
FOPpHbIX Moposax, HO He C MOCII€IOBaTeIBHOCTHIO MUHepasIOB, NepBUUHO BbINAaaloujux M3 pacTBopa. 

CxojIcTBO c MeTamMopdbuueCcKHMH TOPHbIMH TopoyamMu B CTpyKType XapaKTepHO IIpOABJIAeTCA 
B pyfax OTHOCHTeIbHO OoraTbIx JIerkKO NOAMaIOUMMUCA MepeKPUMCTaWIM3salMH XaJIbKOMMpHTOM M 
ccbaneputom. Takve py/{bIl OueHb uacTO OOsIaqakOT MoOcuaTOH CTpyKTypol, Ipwuem uepestyIoTcA 
nmosocbi Gonee SOoraTble TO XaJIbKONMpHTOM, To ccbamepuTom. Ilocue mpoTpaBsIMBaHHA B OT/ICJIb- 
HbIX IPOCIOAX BUHA MHOrla THeMCOBUAHAA CTpyKTypa C 3epHaMM BbITAHYTbIMM B OJHOM HalipaB- 
jenuu. B 3epHax ccbasiepuTa M xaJIbKONHpHTa Mp ITOM MHOra MOABJIAIOTCA TOHKHe MOJIMCHH- 
TeTuUeCcKHe J[BOMHMKOBbIe MWJIaCTHHKH, MeCTaMH M30rHyTbic, OOA3aHHbIe CBOHM MpOMCxonKeHHemM, 
OUCBH HO, BIIMAHHIO aBJIeHHs. 

: B takux rueficoBMHBIX pyjaX HeKOTOpble KPyWHble 3epHa MMpHTa BbIseIAIOTCA MOOOHO 
TOMY, KaK OUKM KBaplla WIM MOsIeBoro WiNaTa B OUKOBBIX FHelicax wi Mopdupousax. Vuorya 
BOKpyr, TakKHX KPHCTaJWIOB Mpa pasBuBaioTca Oosee KpyMHble, UeM B OCTAJIBHOH Macce 3epHa 
XaJIBKOMMputa, OOpasyi BEHUMKM WIM »,XBOCTbI' * B TCHAX JaBJICHHA, COBCpIIeCHHO TOyOOHO TOMY, 
Kak TakWeé BeHUMKH, OOpasoBaHHble XJIOPUTOM, CepHIHTOM WIM WpyrHMH MMHepasamu MeTaMOp- 
(bu3Ma, PasBUBaIOTCA OKOJIO NOJOOHIX OUKOB B MeTaMOpPMyEeCKUX CiaHWeBaTHIX MOpotax. OTO 
flofoOve cIpKyTypbI py CTpyKType MeTamopduueckux CJIaHWeBaTbIxX NOpof He OCTABIAeT COM- 
HeHMA, UTO MH B pyfaxX CIPyKTYPHble OTHOUIeHHA MOKTY MUHepasamn 063aHbI CBOMM IIPOMCXO?K- 


qeHHem JIM“HaMuuecKoMy MeTamopdpusmy. 
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Ilona BIMAHMeM OOKOBOrO WaBJIGHHA Ha MeECTOPO)KTCHHA OObIKHOBeHHO GosIee MATKHE MH M0- 
WjaTIMBbie BMeLjatoujwe MOpoy I lIpeWBapHTesIbHO M3MeCHeHHbIe PYTOHOCHbIMH pacTBoOpaMu IIpu- 
oOperasm CJIaHIjJeBaTOCTb, a B Oosee MIpOUHbIX KOJUCTAHHbIX TeJIax NOABJIAIHCh IIOMeCpeCuHbie Tpe- 
WHHbI, KOTOPbIe ObIIM 3allOJIHCHbI KWJIKAMU cyJIb(pu OB Oosee NIOQBYOKHBIX TIpH MeTamop(pu3me: 
XaJIBKOIIMpHTa, ccbayieputa, rayleHutTa, MHOrya TeHHaHTHTa BMecTe C KBapljeM HU OapHTOM. OTn 
FKVJIKY TOJIMMHOK B H€CKOJIbKO CaHTHMETPOB, BbIKJIMHMBAaIOIHecH BO BCex HallpaBsJICHHAX, oue- 
BHOHO aHasIOrHUHbI M10 00HBIM 7Ke XOpOWIO H3BeCTHbIM MeTaMopduuecKHM TIOM€PpeCuUHbIM JKHJIAM 
HW MpoOKWIKaM, KaKMe BCTpeuvaroTcA BO MHOrHX MeTamopdbuueckHx CJIAHIEBaTbIX WOpoytax, Wepece- 
Kav Kak MpaBWJlo0 UX CIaHWeBaTOcTh. Munepayoruueckuit COCTaB TaKHX 2KHJIOK O1M30K K CcOocTaBy 
BMeUJaFOlUx MOpO; B 3eJICHbIX CJlaHWax [Jit HAX XapaKTepHbI asIbONT, SMMOT, KBaply; B 2KeJIC= 
3SHCTbIX ALIMaX—TreMaTHT HW KBapll, B poroBooOMaHKOBBIX CylanHijax MW amduoommTax—amnoos1 H 
W1arnoKJ1a3 UW T.7. MuuepasiornuecKHit cocTaB yYIIOMAHYTBIX MOMeCpeCuHbIx *KHJIOK, WepeceKarOu{ux 
TMMpHTOBbIe Py/THbIe TeJIa, TaKOKe ABHO HaxO/JIMTCA B CBA3H C COCTABOM STHX PYHBIX TCI. 


B HeKOTOpbIX CyIyuaHx, HaodopoT, py{bI, O6LIKHOBeEHHO OoraTble XaJIbKONMPHTOM HM cibasiepH- 
TOM, ABJIAIOTCA MeHee yCTOHUMBbIMM (MeHee KOMM€TCHTHBIMH), UEM OTHOCHTEJIBHO CJ1Ia00 H3MCHEHHBIEe 
6oKOBbIe NopoyE. Torga pyqbl MpHHuMmaloT nmoslocuaTylo CTpyKTypy MH, HaoOopoT, B OOKOBBIX 
mopoflax OKOJIO py{HbIX TeJI BOSHHKAIOT KOPOTKHEe TOHKHE TIOMepedHble TPeWMHbI KOTOpble 3alloJi- 
HAIOTCH OOBIUHO XAJIbKONMpHTOM, MpOHHKaIOIMM B HUX M3 pyHbIX Ten. Tlogobnbie aBnenua 
KOPOIUO HaOMIOAaIHch B MeCTOpOyKeHHAX y craHIMM CaH-J[onato oKoI0 Hwxuero Tarwua. 


Poct BKpalVICHHHKOB WHMpHTa OKOJIO PYTHbIX TeJI BO BPeMA MeTaMopdH3ma iH oOpa3s0BaHHA 
CJIaHWeB yxKe JaBHO IIpHBJICK BHHMaHHe Jle-Manee. Ou YKa3biIBaJI, UTO HCKOTOPbIe BKpalVIeH- 
HHKH WMpuTa B OOKOBbIX TWOpoyjax KOJIGeTaHHbIX 3aslerxKeH TIOBC€pHYTbI, MH XBOCTbI H3 TaOsMueK 
CepwiuTa WIM XJIOPHTa, BOSHHKAIOMHe OKOJIO HHX Tp MeTaMopdu3me, MMCrIOT CHTMOHTIHOE pac- 
TIOJIOHKCHHE. YpasipcKHe MCCTOPO)KTCHHA GWaCTO oOHapy?KHBaloT TaKOe COOTHOUICHHE. 


IIpu cBowx HccyIeqoOBaHHAX NMPpHTOBbIX KPHCTaJVIOB H3 ypayIbCKHX PYJHbIX MeCTOpOKTeHHH 
C. H. MsaHos npHMeHusI MeTO], TpaBJICHHA OJIEKTPHUCCKHM TOKOM. OTO OOHAapy2KHJIO BaxKHYIO 
ocoOeHHOCTh B CTPyKType NHMPHTOBbIX 3epeH M3 KOJUeTaHHbIx saerxKelit. IIlpu Tpapienun onnu 
oOHapy2KHBaIOT MHOFOUHCJICHHbIe TOHKHE 30HbI POCTa MHPHTOBbIX KPHCTaJWIOB U3 MeHee MeTaMOp- 
@u30BaHHBIX MecTOporKeHHH. Ho 9Ta 30HaJIbHOCTh Kak OyyTO Obl uCUesaeT IPH TO3THeHUMIeH 
llepeKpuctTasimsalyau. B WeuTpasbHou uactu KyOMKOB UMpPHTa BKpalJIeCHHbIxX B OOKOBbIe NOpOsbI 
BCTpeualOTCA TOJIbKO Af[pa HMeIOMe OUCpTaHHA NMPHTOSTPOB C ACHbIM 3O0HA@JIbHbIM CTPOeHHeM. 


IImputosspbi Aep BO3MO2KHO IIPe/{CTaBJIAIOT KPHCTaJIbl, OOpasoBaBlIMecA IPH HeECKOJIBEKO 
OTIIMYAIOWIXCA YCIIOBHAX, UCM KYObI, Mpe/CTaBIIAIOMUMe TOCIeTHIOIO CTaquIO OOpasoBaHMA KpHc- 
TaI0B. KakeTcHd BepOATHbIM, UTO 9TH KYOMUECKHE KPHCTaJWIbI POCIIM MPH HOBbIX yCIOBMAX BO 
BpemMA MeTaMOpu3ma, Kora MepBHUHbIe WMpHTOSpbI MpeBpaliiamMch B KyObI. Cyenyer or- 
METHTb, UTO B TEX ypaJIbCKMX KOJIMeaHHbIX ME€CTOPO?KJCHHAX, KOTOPble MO MX reosorMuecKomMy 
TIOIOPKEHMIO CIIetyeT pacCMaTpHBaTb KaK CHWJIbHO MeTaMOpdv30BaHHble, MMPHTOBbIe KPHCTaJUIbI 
HaXOJATCA TOJIBKO B kyOax. B MeHee MeTamop*us0BaHHbIX TeslaX NOABJIAIOTCA TakoKe MMpuTOIpbI.* 


Tort akT, uTO HeEKOTOpble KPUCTaJIbI MMpHTa, BKpalWIeHHbIe B OOKOBOL Nopose, HeCOMHeHHO 
PpOcIM BO BpeMA MeTaMopdu3Ma, JaeT OCHOBaHHe JlyMaTb, UTO HM BTOpHuHad MMIIpernalua nmuMputa, 
M BIOPHUHBIC 2KWJIKH WIM CKOINJICHHA STOO MMHepasia MOFJIM ObITh OOTUHbIMH ABJICHHAMM Ip 
Metamopd@usme. WuTeHcuBHocTb BTOpHuHOH BKpalieHHOCTH MMpHTa, BO3sHMKaroMelt pH Meta- . 
MOp@u3Me, He BCHO/Y Oblvia OMHAKOBA, HO passIMuasach B pa3syIMUHbIx ycnoBuax. Iloyo6Ho Tomy 
KaK HEKOTOpble MeTaMOp*wuecKHe MHHEPasIbI OXOTHO pa3BUBalOTCH OKOJIO M€TaKPHCTasIOB, _ 
ropa3qo0 OosmuIaM MaciuTabe m0 pa3sMepam OslarolmpHATHbIe Mectra WIA oOpas0BaHuA mMeTamop(bu- 
ueCKHX MHHepayIOB MH MX arrperaTOB MOryT NOABUTECA y KOHIJOB pyHbIX Tes 110 HalipaBJICHHIO 


* 
IImpuroszpp1 MOJb3YIOTCA Topa3qo OoNbIIMM pactipocrpaHeHHeM B KaBKa3CKHXx MECTOPO)KTeCHHAX He TOD- 
BeprllMxcA B TAaKOH CTeleHH MeTaMOp@usmMy Kak MecTOpoKAeHuA Ypasa. Mecropoox enue Unparna3op Ha KapKase 
WHTepeCHO MOUTH NOJIHbIM OTCYTCTBHeEM KyOMUeCKHX KPHcTasWIOB MMputa, 
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TIpocTupaHua. i 
p p Tlogqo6uEm o6pasom Mo>KHO 06’ACHHTS ToABeHHeE XapaKTe€PHbIX XBOCTOB TycToH 


BKpalIeHHOCTH NHputa y ObICTpo BbIKJIMHHBaIOUIMXCA KOHIIOB PYHHBIX TeJI B HallpaBJICHHH IIpOCTH- 
panna BMeU{aroluyHx MX CJIaHIeB. 


OueHb TpyqHO oueHUTS pasmepEI TICpeMeleHHA Py/HOrO BeleCTBa, HO TepeoTIOKeHHA H 
MeTACOMATHMECKHEe 3aMel\CHHA [[pyrHX MMHepaJIOB, HaBepHoOe, pH MeTaMOpdu3Me MMe MecToO. 
Ilostomy Metacomatuueckoe 3amelleHHe o/Horo MHHepasia JPyrumM WIM fake OOpasoBaHHe TaKHM 
MYTEM OT/CJIbHBIX HeOOJIbIUMX AKKYMYIAUMH Py THbIX MHHepasIOB HUKAK He MOLYT CI KUTS [OKasa- 


TeIbCTBOM OMHOBPeCMCHHOrO C HMMM MePBHUHOFO OTIIO-KeHHA Bceli py0bI. Onn Mors mponc- 
XOJMTb IIPH MeTamop(busme. , 


IIpvsHaku, yKa3bIBaroue UTO PyTHOe BeUIeCTBO OTIOXKHIOCE B yxKe MeTamop(H3s0BaHHbIXx 
OoKOBbIxX Mopofax, 3yecb He yOequTenbHDI. Tak HalIpHMep, Haxo?vKJ[eHHe TOHKUX IIMpPHTOBbIX 
TIPO*KHJIKOB, MepeceKarouIux OOKOBbIe NOPOAbI OKOO pyMHOM s3aslexKU, CUMTAeTCH KaK TOBO B 
MOJIbSy OJHOBPeMCHHOLO C HX OOpas0BaHveM SMHTeHeETHUECKOLO OTIOXKEHHA BCel py HOM saleKH. 
Ho Take NpOoKWIIKH MOP BOSHHKHYTS MosqHee IPH MeTaMopdu3Me 3a CueT BelecTBa 3aJIerKH. 
Takve NIpooxKUIKH MOryT TepeceKaTb cyaHIjeBaTble GOKOBbIe MOposbl, HO CyaHI[eBaTOCTH 3Tux 
MOpOA, BMecTe C TeM MO?KET ObITh BOSHHKUeii MOCIe OTIOXKCHHA TMIAaBHbIX PyHBIX 3aslerKeli, MOs- 
BepraBlUHXCA Np 9STOM MeETaMOpPH3My BMecTe C BMeIalOluJMMU Woposamu. 


Hekoropyi0 aHaJIOrvi0 MbI MO)KeM HaliTH B XOPOIIO H3BECTHbIX MW yoKe YHOMMHABIMMXCA TIPH- 
mepax MeTaMOp(HUeCKHX XKHIIOK B MeTaMopdbHuecKHX canHyax. OOpasoBaHve TaKHX MpoOrxKHWJIKOB 
CUHTaeTCH OJHOBPeMCHHBIM C MeTamMopdu3smMom. ‘Takum 2Ke MyTeM MOryT OOpas0BaTBCA jaKe 
HeOoNbUIHe PyTHbIe Tesla COMpPOBOKMaoujue TIABHYIO 3aJIerKb.. 


Bo BpemMA MeTamop®u3Ma MHTpalluA BelljecTBa HM MepeoTuoxKeHHe OJDKHbI Obl MpHBecTH 
K HOBOMY paciipeyeyIeHHkO MeTAaJIIOB B 3asIexKaX HM TaK MOLJIO BOSHHKHYTb HOBOe paclipeyesienue 
oOorallleHHbIX Me/bIO H WHHKOM yuaCcTKOB B PyJIHOM Tesle. 


IIpu pervonasbHoM MeTaMopdu3me pa3siMuve B YCIOBHAX OTIIOXKCHHA Py B PpaSHbIX “aCTAX 
PYAHBIX TeJI, BEPOATHO, 3ABHCHT MperKy[e BCero OT PaSHHUbI B TaBJICHHH, KOTOPadA 3aBHCHT, NOBMTE- 
Momy, OT (bopmpI 9Toro Tena. Takum oOpa30m, dopMa py/{HOrO TeJIa MO2KET BO3eCHCTBOBATb 
pactipeesIeHHr1o NepeoTsoxKeHHBIX MeTaJUIOB. B KoeaHHbIx 3aylexKax CyIecTByeT OMpeeseH- 
Has CBA3b ME*KTy coyjep»KaHuem GOoslee peAKHX MeTaJWIOB HM OUepTaHHAMM pyHoro Tena. B Jlerrap- 
CKOM MECTOPO?KJICHHH, HalIpHMep, BbIACHeHO, UTO OTHOCHTEIBHO OOoralljeHbI ccbayilepHTOM MW XaJib- 
KONHPHTOM KpaeBble (BHEIUHHe) “ACTH 3alerxKH, Kak B HallpaBJIeHHH MpocTupaHuA, Tak Mu BrsyOp. 
Kpome Toro, KOJIMUeECTBO 9THX MHHEpasIOB HECKOJIBKO YBeIMUMBaeTCA y exKauero OoKa.. IIpu stom 
pya mpuoOperaer noslocuaty!0 CTpyKTypy HM B Heli MOXKHO HaOsO/aTb 3ameleHue WupuTa ccpasie- 
putom. Kasxerca, uTo xapakTepHoe oOoralljeHve MefbIO OoyIee TOHKMX YacTeli PyTHbIX JIMH3, 
NMOCTOAHHO HaGsOTaeMoe B MMPHTOBbIX 3aslevKaX, MOTJIO 3aBHCeTh OT ITOM MPHUMHBI. 


Tak Kak 0 HeqaBHero BpeMeHu Ha Ypasie, Kak H B Apyrux oOsacTAx, ocoOeHHOCTH MHHEpasio- 
rwueckoro cocTaBa pyIbI pacCMaTPHBAJIMCh TOILKO Kak NPH3HaK pasIMUHbIX PUSHGECKUX yCJIOBHH 
TlepBMUHOTO OTIIOXKCHHA HM BO3MOPKHOCTh H3MeHeEHHA cOcTaBa Ip MeTaMopdusme yilycKasach U3 
BUZy, TO Mano oOpaliaocb BHMMaHHA Ha Te (paKTbI, KOTOPble C HOBOM TOUKM 3peHHA MOrJIM 
OCBeTHTb MapareHesic MHHEpasIOB, M KOTOpble HaGOMaIMCh UM OTUACTH ODI OIMCaHbI B pyHUKaX 
BbIPAaOOTaHHbIX M Tellepb 3a0pomuleHHbIXx. 


Munepanoruueckuli coctaB MMpHTOBBIX 3aJiexKeli, KaK USBECTHO, BOOOIIe OUCH, oHOOOpa3seH 
HM CpaBHMTeIbHO HeEMHOrHe MHHepasibl ABJIAIOTCA CYIeCTBCHHbIMM COCTaBHbIMM YacTAMM py/Ibl. 
YnomanyTple MapKasHT M BIOpTUMT, HalijjeHHble B HaHMeHee HSMCHCHHbIX MECTOPO?K/ICHHAX 
YOouHoro Ypasla, ABJIAIOTCA MCKJIOUMTCJIBHbIMH, XOTA OUCHb XapaKTePHbIMH. Iluput, B Heko- 
TOpbIX CJIyYadX IIMPPOTHH, OTHOCHTeJIbHO HeOOUbIIMe KOJIMUeCTBa XaJIBKOMMpuTa Hi ccbasieputa, 
ABIIAIOTCA OosIee WIM MeHee NIOCTOAHHBIMH COCTaBHEIMM yacTamMH. ‘Takue MMHepasbl, Kak TeH- 
HAHTUT MH TeTpas{puT, APCeHOMMpHT, MarHeTUT, NepBHUHbIL 6opHuT, 9Haprur, dbamaTHHUT, KyOaHuT, 
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caMopogHoe 30JIOTO MH TeJLIypHAbI 300Ta ObIIM BCTPeyCHbI B YPaJIbCKHX ME€CTOPOXKCHHAX Kak 
peKue MHHepalibl, WIM Kak CJlyuaiiHBIe. 

IIpu rakom ofHooOpasnv MHMHepasOrMyecKoro COcTaBa NOUTH HEBOSMO?KHO MOAMCTHTb pasIMaMA 
B MapareHesHce MHHepasIOB B MeCTOPO)K[CHHAX He MeTaMOp(H30BaHHbIxX H MeTaMOp(H30BaHHbIX 
(3a HCKJIOUCHHeEM YIOMAHYTHIX MapKa3HTa U BropTuuta). Jlo cux nop OseKIbIe pybI HaOJIKO- 
WasIcbh IIpeHMylecTBeHHO B MeTaMOp@H30BaHHEIX KOJUCHaHHbIX MECTOPOPKCHHAX Ypasia, Hao- 
6opor, 9Haprur ObwI BCTpeveH B MeCTOPOrK[eHMAX He MeTaMOp(u3OBaHHBIX WM cma6o MeTamop- 
dbusopannpix. WutepecHo nmopeyleHve caMOpOJ{HOroO 30JI0Ta, YaCTHIIbI KOTOpOrO, upesBbIuaiiHo 
TOHKHe B MeCTOPOXK[CHHAX He MOABepriwHxcaA MeTaMOpusMy, CTaHOBATCH KpylHee B MeCTOPO?K- 
JICHHAX, MeTAMOP(U3O0BaHHEIX. 

Mpi yoKe yHOMMHasM o faiikax nepeceKarloujMx pyHbIe Tesla. MookHo Opiio ObI O>KMaTb 
ABIeHu MeTaMOp(bH3Ma B KOHTaKTaxX. OHaKO OHM elle HefOcTaTOUHO H3y4eHEl. 


Onuako, MOryT ObITh yKa3aHbI HeKOTOpble MHTepecHble dakTbI. Tak B yNOMMHaBIIMxca 
KOJWeaHHbIX 3aslerKax oKOJIO craHyMM CaH-J[oHaTo K ceBepy oT ropoya Tarusia HaOsmogaroTca 
jaiiKu aHyesuToBoro nopdbupa (nopduputa), nWepeceKaloujero pyfHoe Teo. B KoHTaKTax MMpu- 
TOBaA pya 3HAYHTebHO OOoralljaeTCA MarHeETHTOM, OTCYTCTBYIOUJMM B pyle Blasi OT KOHTAaKTAa. 
Bce MecropoxKjeHve MOABeprioch PperMOHasIbBHOMyY MeTaMOpu3My, He OUCHb HHTCHCHBHOMY, CYA 
M10 COXpaHeHHIO MeCTaMH, PeJIMKTOB NepBHYHOM KOJUIOPOPMHOM CTpyKTypbI pyyb!. Hexkoroppie 
HcCeqOBaTeIM ClpaBesJIMBO, KaK MHe KaKeTCA, WOJiaraloT, UTO MepBOHAUAJIBHO B KOHTAKTe C 
yalikaMM MMpuTOBad pya BOpOATHO Oba MpeBpalljeHa B MHppOTMHOBYyIO, a IIpH SOosee No3sqHeM 
J(MHAaMHUECKOM MeTaMOpdbH3sMe accolMalMA WMpHT + MarHeTHT oOKasaylacb Ooyee ycTomunBon, 
yeM MMppoTuH. 


B Oomee ceBepHOM MecToponKyeHuH Kaban HMeeTCA HECKOJIBKO 3asiexKeH. OHH 43 HHX 3aKJIIO- 
YeHbI Cpe MATKMX CIaHWeB, [pyre B TBepbIX NopduputTax (mMeTaaHesutax). Te u apyrue 
MlepeceueHbI flalikaMH OCHOBHBIX. MOop*upoBbIx Nopoyw. B pyme MecTropoxK ennui, HaxoyAuxca 
B cyaHlax, OOHapy2KeHbI 3aMeTHbIe IPH3HaKH MeTaMOpdu3sma. XapakTepHo oOpasoBaHue mpopac- 
TaHWA XaJIbKOMMputa MW OopHuTa B (opMe peaKUMOHHHIX Kalim Ha pale 3epeH YTHX MMHEpasIOB, 
OHM HalloMHHalOT Te MCKYCCTBeHHbI€ WpopacTaHuA Me@KTy ITHMH MMHepaslamu, KOTOpble Opin 
nouyuenb! Ulpapyem. GaerKu, 3aKJIKOUCHHbIC B BYJIKAHWUeCKOM MoOpoye, B Gomee cna6ol cremeHu 
MeTaMOpdH30BaHbl, HW B pyjie COXPaHWJIMCh PCJIMKTbI KOJWIOCOPMHBIX CTpyKTyp. 


Usmenenuble OOKOBbIe NoposbI Ka0anckux mMecropooKeHuli cBoeoOpa3HbI: OHM uacTo mpey- 
cTaBJIeHbI OoraTbIMM KBapl{eM KBapl[eBO-CepHIMTOBbIMM MoOposaMM Cc aHJaslysHTOM, jjMacnopom, 
KOPYHJIOM HM 3yHHHTOM. 


OOpa30BaHne KOJIUeTaHHBIX 3aslenKeH Ypana, kak MW pyrux UM MOOOHbIX, He MODKeET CUNTATBCA 
elle BbIXCH€HHBIM BO BCeX jeTaIAxX, HO Hed O MeTaMOpdu3Me TUX MeCTOPOOKAeHUL NOsBOIAeT 
BHECTH MOpAOK B pasHOOOpa3sve MX, OOHapyxKeHHOe B OcIeqHHe TObI. OTo pasHooOpasne 
Co3faHO He CTOJIbKO pa3JIMUMAMM B YCJIOBMAX NepBHYHOrO MeTACOMATHUYECKOLO OTIIOXKCHHA CYJIb- 


(UAOB saslerxKeli, CKOJIbKO pasHOl CTeMeHbIO HX MeTaMOpdu3sMa MU pasHooOpa3svem MeTacomaTHUeCKH 
ABJICHHM pu sTOM MeTaMopdusme. 
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MAGNESIUM METASOMATISM IN DOLOMITE FROM 
LUCERNE VALLEY, CALIFORNIA 


By IAN CAMPBELL 
U.S.A. 


ABSTRACT 


A small, isolated, rock-knob forms a prominence above the detritus-strewn desert surface of Lucerne Valley, California. 
It exposes a series of metamorphic rocks intruded by biotite-tonalite and by minor garnet-aplite dikes. The dominant 
formation in the metamorphic series is a brucite-marble. Thermal metamorphism seems inadequate to. account for the 
relatively high ratio of MgO to CaO found in some facies of this rock. Formation of brucite by hydrothermal processes 
appears likely. Additional evidence favouring a hypogene source of magnesia is provided by veins of magnesite, possibly 
pseudomorphous after nematolite, which cut the brucite-marble. 


INTRODUCTION AND ACKNOWLEDGMENTS 


N December, 1946, Mr. R. M. Richter, of the Marter Mining Company, and Mr. R. S. Lamar, 
of the Sierra Talc Company, knowing of my interest in high-magnesia rocks, acquainted me with 
an occurrence in Lucerne Valley, California, which was then undergoing some preliminary develop- 

ment by the Marter Mining Company. 


The dominant rock at this locality closely resembles predazzite, a rock type so rare in the United 
States that a new occurrence seemed immediately to warrant study, particularly as anticipated economic 
developments gave promise of revealing many of the uncertainties of the geological relationships. 
These developments are under way, and the studies are in progress. The present report therefore 
is given primarily to call attention to certain unusual features of the occurrence and their bearing on 
the problems of magnesia metasomatism, with the hope of eliciting discussion and comparison. 


The deposit is of interest because it represents the newest and possibly one of the larger of the 
less than a half-dozen recorded occurrences* of predazzite-like rocks in the United States; because 
portions of the “ predazzite” are brucite-dolomite rather than brucite-calcite rock; because of the 
association of veins of magnesite with the deposit; and because of recently discovered industrial 


applications for this uncommon mineral association, now being marketed under the trade name 
of “ Lucernite.” 


In May, 1947, the Field Geology class of the California Institute of Technology under the direction 
of my colleague, Dr. R. H. Jahns, selected this locality, because of an appropriate combination of 
topographic simplicity and geological complexity, for an exercise in topographic and geologic mapping. 
To this group I am indebted for the topographic base and for much of the geology shown in Fig. 13 
To Joan Rounds I am grateful for preparing this map from the field original. 

To Mr. R. M. Richter I am indebted, not only for the introduction to this interesting occurrence, 
but for helpful discussion and for free access to private reports upon, and analyses of, the deposit. 


* Other occurrences reported in the United States are : 
Philipsburg, Montana, reported by Emmons and Calkins, (1913, p. 157). 
Riverside, California—predazzite is found in three quarries in this vicinity : City quarry, Crestmore quarry, Jensen 


quarry, all of which are regarded as representing essentially a single occurrence—reported b R 
— fe) 
1929), and Woodford, Crippen and Garner, (1941, 354-56). y Roe ae 


Mountain Lake Mine, Utah, reported by Rogers, (1918, p. 585). 
Organ Mountains, New Mexico, reported by Dunham (1935 and 1936), and Hunt and Faust, (1937). 
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CAMPBELL: MAGNESIUM METASOMATISM 
PREVIOUS GEOLOGICAL WORK AND HISTORY OF THE DEPOSIT 


The deposit lies in the SE 1/4 of the SE 1 /4 of Section 15, T 6 N, R 1 W, San Bernardino base. 
This is an area not covered by any topographic sheet and in which the geology is practically unknown. 
The only published information is that in the reconnaissance water-supply paper by Thompson 
(1929, pp- 610-624). Lucerne Valley is a broad northerly trending trough covered by alluvial fans 
built out from the bordering Granite Mountains to the west and the Ord Mountains to the east. 
A playa lake occupies the lowest portion of the valley. A few isolated rock hills, bearing some 
resemblance to inselbergen, project through the alluvium. In one of these, not far from the north- 
east border of the playa and about six miles north of Lucerne Valley Post Office, the brucite-marble* 
is found. 

The deposit was first located, as a potential source of magnesite, in 1940 by Mr. R. M. Richter, 
at that time engaged in a survey of building stone. It was examined briefly in 1942 by the late Dr. 
C. F. Tolman for the Kaiser Steel interests. However, the magnesite occurrences are limited, and the 
property lay idle until after the war when, the value of the brucite-marble in special types of filler 
having been demonstrated, the current development started. 


GEOLOGY OF THE DEPOSIT 


The geological relationships at the deposit are shown, somewhat simplified, on the map in Fig. 1. 
Vegetation is scant, but talus covers most of the hill, obscuring the actual extent and relationship 
of the rocks. 

The most prominent rock, both because it occupies the crest of the hill as well as portions to the 


north and south, and because it has a distinctive pitted appearance, is the brucite-marble. Associated 


with the brucite-marble and best exposed at the south end of the hill in what may be a conformable 
relationship, are fine-grained, porphyroblastic granulites. Both brucite-marble and granulites are 
thoroughly recrystallized, and original features have been largely or wholly obliterated. Nevertheless, 
faint structures—textural variations, contacts, etc.—show a more or less consistent trend of N 70° W, 
with dips vertical or steep to the south-west. 

Thin stringers of metabasalt are also best exposed at the south end of the hill. Attitudes suggest 
a sill-like relationship, though locally cross-cutting, with the brucite-marble and the granulite. 

All three of these rocks (marble, granulite, and metabasalt) have been invaded by tonalite which 
crops out principally on the northern part of the hill, but is found also in a few small protuberances 
to the south, suggesting that at depth it may be more extensive. One or two small dikes of aplite 
occur, and are probably later than the tonalite. : 

Magnesite veins, too small to show on the geologic map, cut the brucite-marble in many places. 
These veins vary from tiny stringers to a few veins a foot or more in width. They pinch and swell, 
change strike and dip within short distances, and are distributed in a very irregular pattern. 


PETROGRAPHY 


Brucite-marble.-—Fresh specimens of the brucite-marble are difficult to obtain for the brucite tends 
to alter to hydromagnesite, this in turn leaches out, and the characteristic pitted rock is left to make 
up the bulk of the surface exposures and talus blocks. This alteration, often exhibiting a rude con- 
centric pattern, extends irregularly to depths of at least several feet, or as far as present development 
has exposed the rock. 

The brucite (or the pits representing its former presence) is rather evenly distributed throughout 
the marble in spheroidal to irregular-shaped granules ranging up to six millimeters in diameter and 
averaging between one and two millimeters. The granules are notably coarser therefore than those 


* Inasmuch as it cannot yet be determined whether this rock is a pencatite or a predazzite, I shall use, following 
Watanabe (1935), the somewhat noncommittal term “ brucite-marble,” and trust that it may acceptably include both 
brucite-calcite and brucite-dolomite phases, and in whatever range of proportions they may obtuin. 
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of the type locality at Fassathal, in the Tyrol. Throughout the range of grain size, the proportion 
of brucite remains within rather narrow limits, from a minimum of 38 per cent to a maximum of 44 
per cent by volume, based on Rosiwal measurements on smoothed surfaces. The average is slightly 
higher than the theoretical value of 39-6 per cent given for pencatite by Watanabe (1935, p. 57). 

In thin sections many of the brucite granules show the scaly concentric pattern commented upon 


GEOLOGY OF THE "LUCERNITE" DEPOSIT 
SAN BERNARDINO COUNTY, CALIFORNIA 
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and figured by Rogers (1929, Fig. 3), Hunt and Faust (1937, Fig. 4), and Goudge (1940, Fig. 2) Other 
brucite granules have vein-like or angular protuberances extending into the surrounding caleite (or 
dolomite), similar to those described and figured by Keith (1946, Plate 1, Fig. 2). No periclase cores 
such as have been reported in brucite from Riverside, California (Rogers, 1918, p- 581; Hunt atl 
Faust, 1937, p. 1154), and from Wakefield, Quebec (Ambrose, 1943, p. 18), have been fone 

120 


7“? 


jt le e's Veit, ihe, wad 


r 
. 
4 


eS Se a er Ee eee 


CAMPBELL : MAGNESIUM METASOMATISM 


ae have not yet been employed, because of lack of sufficient fresh material, and the 

y € associated carbonates has been established largely by index of refraction tests on grains 
gouged from sawn surfaces. Both calcite and dolomite may occur, even within a single small specimen 
Although im some cases dolomite occurs to the exclusion of calcite, the latter appears to be the pre- 
dominant carbonate. Crystals form an irregular mosaic, as seen in thin section, and range from 
0-1 millimeter to 2-0 millimeters in diameter. Many grains exhibit slightly biaxia! mitedereaee figures 
The crystals are commonly clouded with opaque dust-like inclusions, thus resembling those feces 


_ by Watanabe (1935, p. 54); and Hunt and Faust (193 7er piel 153) 


Forsterite grains, up to 0-1 millimeter in diameter, and associated serpentine-like alteration 


products have been identified in a few specimens, although on the whole the brucite-marble is remark- 
ably free of other minerals. 


The only chemical analyses available were made for commercial tests prior to the present study 
and represent bulk samples rather than analyses of selected specimens. For such value as they may 
have, a range of representative analyses is given in Table I below. : 


TABLE I. 

A B 6 D 

% % % % 
SiO Miesscasseeseess 0:12 2:73 1-45 1-25 
IA @)s, Gencesenonee 0:68 0-57 0:77 0:46 
ISIS @F aoocoseceane 0-18 0-14 0:05 0:13 
CAOeE renee 31-00 32-08 29-20 28-37 
MEO ercrsccn ten 20:80 19-68 22-00 22-62 
SOs ees casccnestuss = = — 0:02 
Ignition Loss ... 47-00 45-09 46-25 47-00 
99-78 100-29 99-75 99-85 


A = “ North side top, dolomite,’’ February 28th, 1941. 

B = January 18th, 1943. 

C = “ Speckled material,” August 22nd, 1940. 

D = “ Sample No. 1, W. B. Tucker,” June 18th, 1943. 
All analyses made by Smith-Emery Company, Los Angeles. 


In evaluating these analyses it should be borne in mind that the low-magnesia analyses may represent 
rock largely leached of its brucite content, while on the other hand the high-magnesia analyses may 
represent material which has included a part of a magnesite vein. Nevertheless the analyses do indicate 
that the rock is remarkably low in insolubles and that the MgO:CaOratio isin several cases significantly 
higher than that demanded for dolomite (or pencatite). 

Hornblende-granulite—This curious rock exhibits a fine-grained to porphyroblastic texture. 
The porphyroblasts consist of poikiloblastic green hornblende in grains up to 0-8 millimeter in length 
and of glomeroblastic aggregates of andesine up to 1-0 millimeter in diameter. The matrix consists 
of an exceedingly fine-grained (averaging about 0-02 millimeter in grain diameters) mosaic of albite 
and quartz, with minor amounts of green hornblende crystals whose subparallel arrangement gives 
a faint lineation to the rock. Traces of biotite, apatite, and magnetite occur. Whether this rock was 
originally igneous, sedimentary, or pyroclastic is not known. Its significance for the present study 
is perhaps to suggest that, because of the absence of garnet on the one hand and the presence of only 
traces of biotite on the other, as well as because of the very fine and somewhat variable grain size, 
it has been subject to only low to moderate metamorphic influences. 

Metabasalt.—The metabasalt is an extremely fine-grained (average grain diameters are around 
0-02 millimeter), somewhat granulose aggregate consisting chiefly of green hornblende, with smaller 
amounts of pyroxene (diopside?), epidote, and plagioclase. It might indeed be called a hornblendite. 
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Despite the recrystallization it has undergone, chilling phenomena can be recognized at contacts; 
it therefore seems likely that the rock was originally an intrusive basalt. 

Tonalite-—The tonalite is a typical medium-grained biotite-tonalite in which the minerals show 
little more than incipient alteration (principally sericitization of plagioclase). Calcic andesine, quartz, 
and green biotite are the chief components. Orthoclase, magnetite, apatite, and sphene are present 
as accessories. The tonalite is relatively free from inclusions and exhibits no changes either of texture 
or of composition at the approach to contacts other than, very locally, a small amount of serpen- 
tinization. Significant linear or planar structures appear to be lacking. 

Aplite-—The aplite is also a normal type, consisting of a fine-grained mosaic of quartz, microcline, 
and albite, with minor amounts of garnet and traces of biotite, muscovite, magnetite, and apatite. 
Like the tonalite, the minerals show little or no evidence of hydrothermal alteration or weathering. 

Magnesite veins.—The magnesite veins and veinlets exhibit the chalky-white, porcelanous appear- 
ance characteristic of the so-called ‘‘ amorphous ”’ variety of this mineral. It is, of course, crystalline, 
but the grains are so small that thin-section study yields little information other than that the crystal 
dimensions are of the order of 0-01 millimeter or less. A striking feature of most of the magnesite 
veins is an apparent cross-fibre structure. Yet the fibres cannot be split out as such, and thin sections 
yield no indication of an aggregation or orientation that would correspond to the fibrous develop- 
ment. The impression is gained that the magnesite is pseudomorphous after some naturally fibrous — 
mineral which has presumably been completely replaced since it has not yet been found in the veins. © 
Of the various possibilities, nematolite (the fibrous variety of brucite) would seem the most likely 
to have been replaced. It is to be hoped that evidence on this intriguing possibility may some day 
be found, for although brucite has been known to vein and replace magnesite, the reverse relationship 
is exceedingly rare. 


COMPARISON OF THE LUCERNE VALLEY BRUCITE-MARBLE WITH OTHER OCCURRENCES OF THIS TYPE 


From the preceding discussion it will be apparent that the Lucerne Valley brucite-marble is similar 
in many ways to several described occurrences of predazzite-like rocks. In some respects it differs 
from most of these: (1) periclase has not been found; (2) the MgO:CaO ratio is, locally at least, higher 
than that required by dolomite or pencatite; (3) magnesite veins, in distinctive fibrous (or pseudo- 
fibrous) structure, occur in cross-cutting relationship to the brucite-marble. With respect to (1) and 
(2), Keith (1946) has recently provided an excellent description of brucite-marbles in the Rutherglen 
district, Ontario, in which periclase is absent and in which high-magnesia facies occur. This latter 
problem will be discussed further below. With respect to (3), Dunham (1935, pp. 104 and 236) 
described from the Organ Mountains, New Mexico, the conversion of brucite-marble to magnesite. 
This seems to have been a wholesale replacement and is thus rather different in form, though perhaps 
not in time or in substance, from the magnesite veins in the Lucerne Valley occurrence. 

An explanation of high-magnesia facies leads to some interesting considerations. Goudge (1939, 
p. 9) and Keith (1946, p. 979) have presented three hypotheses: (1) that the rock was originally a 
magnesitic dolomite; (2) that subsequent to dedolomitization and formation of brucite, there was 
dolomitization of the calcite; or (3) that some brucite (or the MgO to form it) was introduced by the 
intrusive or by dissociation of dolomite at contacts. Goudge somewhat favored the second hypo- 
thesis; Keith preferred the third. 

In the Lucerne Valley deposit, the even distribution of the brucite granules in the marble, apparently 
uncontrolled by channelways or proximity to intrusives, certainly argues for the classic explanation 
of predazzite. This assumes dedolomitization resulting from thermal metamorphism, with subsequent 
hydration of the newly formed periclase, yielding a brucite-marble in which the ratio of MgO to CaO 
will be the same as in the original rock (1 to 1, if the rock was a pure dolomite). No doubt this process 
can account for the bulk of the brucite in the deposit. Where higher magnesia ratios prevail I am 
inclined to favour Keith’s hypothesis (3, above) because of some textural characteristics shown by 
the brucite granules (that is, veining and possible replacement of calcite by brucite), and because 
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of the evidenc i i i ia-ri : 

: € provided by the magnesite veins that magnesia-rich solutions were traversing the 
roc : subsequent to the major thermal metamorphism. 

af it be . . . . . 
ae mace ar Fae A been limited introduction of magnesia, there are several possi- 

; OF which can account for MgO:CaO ratios hi : i 
Pe cate: g gher than the 1:1 of dolomite 

The introduced magnesia may have entered a pure pencatite, dolomitizing the calcite. In 
such case, the resulting rock would be a brucite-dolomite, and the volume relations of brucite to 
carbonate would be essentially the same as in pencatite. 

ae The introduced magnesia may have entered a pure pencatite, contributing to renewed or 
a itional growth of the brucite with resulting replacement of calcite by brucite. In such case, the 
resulting rock would be a brucite-limestone, and the volume relations of brucite to carbonate would 
show a ratio higher than in pencatite. 

(3) The introduced magnesia may have entered a rock in which dedolomitization had been incom- 
plete and, as in (1) above, dolomitized such calcite as had formed, thereby yielding a brucite-dolomite 
in which volume relations of brucite to carbonate would be less than the ratio in pencatite. Or, 
the introduced magnesia may have contributed to new growth of brucite, as in (2) above, with partial 
replacement of calcite, or dolomite or both, thus yielding a brucite-dolomite-calcite rock in which 
the volume relations of brucite to carbonate might be either the same or more or less than in pencatite. 

It is to be hoped that sufficient fresh material may become available to permit the careful correlation 
of chemical with quantitative mineralogical analyses that should enable a selection to be made from 
among the possibilities outlined. 


AGE OF THE ROCKS 


There is no direct indication of the age of the rocks involved in this deposit. Woodford, Crippen, 
and Garner (1941, p. 353) tentatively date the Crestmore predazzite as upper Paleozoic. Vaughn 
(1922) in his study of the San Bernardino Mountains which lie some five to ten miles south of Lucerne 
Valley, dates a thick sedimentary section which includes some limestones, as probably early Paleozoic, 
and the associated granitic intrusives as probably late Jurassic. Based therefore only upon the tenuous 
evidence of lithologic similarity and geographic proximity, the Lucerne Valley brucite-marble is 
perhaps Paleozoic and the granodiorite probably late Jurassic. 


SUMMARY AND CONCLUSIONS 


A brucite-marble in Lucerne Valley, California, is notable for the apparent lack of associated 
periclase, for some relatively high-magnesia facies, and for the presence of cross-cutting magnesite 
veins, perhaps pseudomorphous after nematolite. 

The formation of the brucite-marble may well have followed very largely the classic explanation: 
dedolomitization, with formation of periclase, and subsequent hydration of periclase to form brucite. 
The apparent absence of periclase, however, lends some support to the suggestion of Brown (1943) 
that brucite may form directly by elimination of CO, and substitution of H,O, in a single reaction. 
There is, moreover, some evidence substantiating the hypothesis advanced by Keith (1946) favouring » 
introduction of magnesia and formation of the brucite, in part at least by replacement. The possible 
concomitants of such an assumption are considered, and the mineral-volume relationships which 
might distinguish the various possibilities are pointed out. 
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DISCUSSION 


Doris L. REYNOLDs asked if it were not possible that the magnesium enrichment of the dolomite was a basic front 
formed in relation to the tonalite. If the tonalite had been formed by replacement of dolomite then Mg, Ca and CO, 
must have been displaced, and the Mg and Ca might have been fixed differentially within the rocks of the surrounding 
aureole. 

J. CAMPBELL in reply said that Dr. Reynolds had made a very interesting suggestion, and he would make a point of 
re-examining the tonalite to see if any relict structures or evidence of a replacement origin were to be found. 
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THE GENESIS OF SILLIMANITE AND KYANITE ROCKS BY 
ALUMINA METASOMATISM 


By A. R. ALDERMAN 


Australia 


ABSTRACT 


_Sillimanite- and kyanite-rich rocks cut across the ‘strike of a series of schists and other metamorphic sediments near 
Williamstown, South Australia. Evidence is presented supporting the interpretation that the aluminous rocks were 
derived from the enclosing schists by metasomatism due to the passage of alumina-rich fluids. The sequence of rock 
types and mineral changes produced during a period of rising and falling temperatures is listed and it is noted that ions 
of increasing radii entered into the reactions as the sequence progressed. 


HE occurrence in South Australia, near Williamstown, of rocks rich in sillimanite and kyanite 
has already been described.* Briefly, these rocks occur over a limited area and are surrounded 
by rocks of a comparatively low degree of metamorphism and of Proterozoic age. These sur- 

rounding rocks are metamorphosed sediments and consist of biotite-schists, marbles and quartzites. 
They do not appear to be separated from the sillimanite-kyanite rocks by any major structural feature. 
The aluminous rocks cut directly across the strike of the metamorphosed sediments from which, 
the field evidence suggests, they were derived. 

It has already been suggested (loc. cit.) that the conversion of the schists of varied composition 
into rocks rich in sillimanite and kyanite was accomplished by metasomatic processes in which alumina- 
rich fluids played the leading part. The field relations of the rocks, the texture of the rocks them- 
selves and other evidences of the activity of alumina-rich fiuids all support the alumina-metasomatism 
theory. 

In its later stages, and presumably with falling temperature and lower alumina-concentration, 
the metasomatic process gave way to pegmatisation and, still later, to hydrothermal activity in which 
much of the sillimanite was converted to clay, and kyanite to muscovite. 

At the focal point of the metasomatic activity the rocks consist essentially of sillimanite and quartz 
with subordinate rutile, although a small amount of kyanite is often present. This innermost region 
is surrounded by an ill-defined zone of massive kyanite-quartz-(rutile) rocks. These, in turn, pass 
outwards into knotted red-stained biotite-schists in which shimmer-aggregates almost certainly repre- 
sent former kyanite crystals. The sillimanite-quartz and kyanite-quartz rocks represent regions in 
which solution of the other bases (Ca, Mg, Fe, etc.) in the pre-existing rocks accompanied precipitation 
of aluminium silicate, whereas in the biotite-(kyanite)-schists solution did not keep pace with pre- 
cipitation. 

The massive sillimanite-quartz rocks frequently contain small patches of quartz and kyanite 
which may have been formed by migration of aluminium silicate under conditions of falling tempera- 
ture. In other cases it is obvious that kyanite has been formed before the sillimanite into which it is 
inverting. Whether this indicates that all the sillimanite has, with rising temperatures, been formed 
by the inversion of kyanite is uncertain. What does seem likely is that the conditions, for example 
the presence of solvent fluids, would have favoured the acceleration of the otherwise sluggish kyanite-to- 
sillimanite inversion. The kyanite in the massive kyanite-quartz rocks typically shows resorbed outlines 
although the solution products are not, in this case, present. 


* A. R. ALDERMAN. Trans. Roy. Soc. S. Austr., 66, (1), 1942, p. 3. 
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It is certain that much kyanite has been formed later than sillimanite, a fact proved by the presence - 
of definite veins of kyanite, and its alteration products, cutting through massive sillimanite-quartz 
rock. Large masses of kyanite are also found in the knotted (former kyanite) biotite-schists. Although, 
owing to poor exposures, the relations here are not very clear it appears likely that the massive kyanite 
occurs as segregations in the schists. Small crystals of corundum are frequently associated with the 
kyanite and its degradation products. 

Some of the quartz-kyanite veins contain a considerable amount of feldspar (oligoclase) and 
can be classed as kyanite-pegmatites thus providing an intermediate state between the high-temperature 
sillimanite-quartz and kyanite-quartz rocks and the low-temperature normal pegmatite. These normal 
pegmatites (quartz-orthoclase-muscovite-biotite) are abundant in the surrounding area and have 
tourmaline as their main accessory mineral. 

At still lower temperatures more or less normal hydrothermal processes were active and resulted 
in the conversion of much of the sillimanite into clay. Kyanite was similarly converted to pale-green 
muscovite which seems to conform to the variety damourite. 

The main rock-types and their genesis can be interpreted as in the following summarizing table. 
In this table the term “ sequence ” is not used to denote time entirely but rather a factor in which 
time is involved as well as change of temperature and of aluminium concentration. Presumably more 
than one stage in the sequence could have been active simultaneously. 


Temperature 
Sequence Rock Types and aluminium Genesis Accessory Active 
concentration Minerals Substances 
1 Massive kyanite— rising metasomatic rutile (tourmaline) (B), Si, Al, Ti 
quartz 
2 Massive si//imanite—quartz maximum metasomatic rutile (tourmaline) (B), Si, Al, Ti 
3 Massive kyanite—quartz falling metasomatic rutile (tourmaline) (B), Si, Al, Ti 
4 Kyanite—quartz veins falling precipitation rutile (tourmaline) (B), Si, Al, Ti 
5 Kyanite schists falling permeation rutile (tourmaline) (B), Si, Al, Ti . 
6 Kyanite pegmatites falling precipitation rutile, biotite (B) Si Al ieee 
(tourmaline) Mg, Fe’’, Na, K 
a Pegmatites falling precipitation tourmaline, musco- B, Si, Al, Fe’’’, Mg, 
vite, biotite Fe“20Na), KO: 
8 Clay, muscovite falling permeation tourmaline(?) BOSSE KeaOr 


The order of appearance and disappearance of active substances during the sequence is interesting. 
Silica and,.to a much smaller extent, boron were active during the whole sequence. The order for the 
other ions is Al, Ti, Fe’, Mg, Fe”, Na, K, OH. 

The radii of these ions in A units are: 

B Si Al Ti Fe” Mg | So Na K OH 
=D 2B) may | 64 67 -78 *83 “98 Leo3 |i 

It is noted that larger and larger ions enter into the reactions as the sequence progresses. 

Brief mention has been made of the conversion, under hydrothermal conditions, of much of the 
sillimanite to clay and of kyanite to muscovite. The kyanite-to-mica conversion has already been 
described (loc. cit.). The clay produced from sillimanite seems to consist largely of kaolinite although 
there are some indications that dickite has also been formed. Diaspore is frequently also present in 
the clay assemblage which is being further examined. 

The writer wishes to thank Professor C. E. Tilley for his most helpful interest in the subject of this 
paper. 

DISCUSSION 
THE CHAIRMAN, H. VON ECKERMANN, said that the metasomatic alteration of sillimanite into clay might not be 


uncommon in the migmatites around the Alné alkaline intrusion, where for instance, the sillimanite was altered into 
montmorillonite. 
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A DEMONSTRATION OF THE GRANITIZED ROCKS OF 


NAMAQUALAND 


(illustrated by Coloured Lantern Slides) 


By L. T. NEL 
South Africa 


N summary of his demonstration Dr. Nel wrote as follows: “A series of coloured lantern slides 
of manuscript geological sheets was shown with the object of drawing the attention of geologists 
to extensive exposures of granitized rocks in Namaqualand, South Africa. The geological sheets 

cover a belt of country along the Orange river several thousand square miles in extent and stretching 
from Upington westwards for about 300 miles. 

The area is underlain by granites, gneisses and metamorphosed strata of Archean age. Owing 
to arid, or semi-arid, conditions there is little or no vegetation, and rock formations are therefore 
exposed continuously over wide tracts of country. In fact many of the aerial photographs used to 
survey the country geologically are essentially monochrome geological maps of particular localities. 
Below the Aughrabies Falls the country is deeply dissected and in places the crests of mountains may 
rise to a thousand feet or more above the floors of deep gorges. 

Various types of granites and gneisses are present. Some of them appear to be metamorphosed 
strata granitized in place whilst others, especially those with transgressive relationships, have been 
interpreted by some geologists concerned as of magmatic origin. Contacts may be sharp or transi- 
tional. Pegmatites and aplites occur in great profusion in all the rock types of the area. They have 
transgressive relationships to the country rocks and their emplacement occurred at a late stage. 
Mineralization is often associated with the pegmatites, and minerals such as wolframite, scheelite, 
cassiterite, molybdenite, euxenite, bismuthinite, beryl and tourmaline occur sporadically in them or 
close to their contacts. 

The stratigraphic rocks involved in the process of granitization belong chiefly to the Kaaien and 
Marydale Series of the Kheis System, which is a succession of arenaceous rocks (including arkoses), 
argillaceous rocks, limestones, and lavas with associated dolerites, gabbros, norites, picrites and 
pyroxenites in the Marydale Series. These rocks show all stages of metamorphism until their original 
character has become obliterated. They would appear to provide a gradual transition from stratified 
rocks into granites or granite-looking rocks. 

The structural pattern of the area is complicated. Broadly speaking it is that of a highly folded 
region in which there are a number of alternant anticlines and synclines in en echelon arrangement. 
The limbs are sometimes further folded in the anticlines to form smaller subsidiary folds. These 
structures are often arranged around circular or ovaloid-shaped domes. 

In Namaqualand, therefore, there are beautifully exposed on a large scale a series of granites, 
gneisses and highly metamorphosed stratigraphic rocks which, it seems, could provide much of the 
evidence needed for a satisfactory solution of the problem regarding the origin of granites. It is hoped 
that their occurrence may entice investigators in the field of petrogenesis to visit South Africa in order 
to study the phenomena revealed in the Namaqualand exposures.” 
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QUELQUES REMARQUES SUR LE PROBLEME DU GRANITE 
ET SUGGESTIONS EN VUE DE L’ORIENTATION DES 
TRAVAUX DU PROCHAIN CONGRES 


Par MARCEL ROUBAULT 


France 


U cours de sa magistrale communication intitulée “* Nature of metasomatism in the processes of 
A granitization,” le Professeur P. Eskola a montré que, par des processus purement métasomatiques, 
on pouvait aboutir 4 des granites dont la composition est identique a la composition de granites 
magmatigues.- Mais aprés avoir ainsi apporté une large contribution a la thése des “ métamorphistes ~ 
il a présenté un plaidoyer éloquent en faveur des magmatistes et de Pidée de magma. 

Ainsi donc, une fois de plus, les pétrographes se trouvent devant Vidée de l’existence de deux 
catégories de granite. Le probléme a été déja posé par le Professeur H. H. Read dans ses “ Meditations 
on granite’ dont un paragraphe est intitulé “‘ granite and granite.” 

Je n’ai pas V’intention de présenter une communication supplémentaire n’ayant pas été inscrit dans 
Vordre du jour du Congrés. Mais, grace a l’extréme amabilité du Professeur et de Madame Holmes 
(Doris Reynolds), je voudrais simplement présenter une suggestion en vue de Vorientation des 
travaux du prochain congrés. 

Lorsque l’on examine les différentes théories Emises pour expliquer la formation du granite on 
constate que les métamorphistes sont parvenus a une conception logique de la formation des roches 
granitiques. Et les connaissances de plus en plus nombreuses aujourd’hui acquises sur les réactions 
et diffusions dans les milieux solides permettent en outre de donner une explication satisfaisante des 
phénoménes observés. 

D’autre part, du cété des magmatistes on constate que de nombreuses théories ont été émises 
pour expliquer la genése du granite a partir d’un magma fondu. La plus cohérente de toutes est 
celle de la “ crystallization-differentiation ’’ du Professeur N. L. Bowen. Comme 1’a si bien dit le 
Professeur P. Eskola cette théorie a fait époque “‘ for petrology, bringing our science for the first time 
upon a firm physico-chemical foundation.” Mais hélas la théorie de la crystallization-differentiation 
elle-méme n’est pas parvenue, 4 beaucoup prés, 4 donner une explication des phénoménes observés. 

Pour comprendre Lattitude des pétrographes dans cette discussion il est nécessaire d’étudier 
l’évolution historique des idées sur le granite. Indépendamment les uns des autres, René Perrin et 
moi-méme en.1939, H. H. Read en 1942, avons fait cette étude. Que constate-t-on lorsqu’on examine 
les intéressantes discussions du passé? On constate que derriére toutes les discussions, derriére toutes 
les tentatives d’explication, il y a en définitive la persistance de la foi en un véritable dogme. Et ce 
dogme remonte a l’époque célébre ot James Hutton émit le premier l’idée de la nature plutonique du 
granite en tirant argument de l’observation des filons du granite du Glen Tilt. On concoit trés bien 
qu’a la fin du 18eme siécle “ igné” et “ fondu” aient pu paraitre deux synonymes ; mais il me semble 
tout de méme que depuis 150 ans la physique et la chimie ont fait quelques progrés. 

Le temps passe, les arguments présentés par les métamorphistes demeurent souvent sans réponse 
scientifique—mon ami R. Perrin et moi-méme en avons fait l’expérience depuis dix ans—et Vidée 
ancienne de magma demeure. “ Oui, mais il existe des filons de granite ” répondent néanmoins parfois 
les magmatistes comme argument supréme, sans d’ailleurs se compromettre par des explications 
détaillées. 
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ROUBAULT: PROBLEME DU GRANITE 


ie ea a oe pour laquelle je suggére a tous les pétrographes du monde ici présents de bien 
ae r porter a ordre du jour des délibérations du prochain congrés la question capitale des Filons 
u Granite et du cortége des roches associées, pegmatites et aplites. 


Cette question est extr€émement complexe et des auteurs ont déja monté que, dans bien des cas, 


les “* injection i a2 : 
ae 1 s filoniennnes _he sont quapparences. Personne par exemple n’a encore donné, dans 
idee magmatique, d’explication correcte des injections “ lit par lit.” 


Le momen i i : 
| * ¢ parait done venu, pour les “‘ magmatistes ” d’exposer aux ‘‘ métamorphistes ”’ les 
eo. Ccisifs et scientifiques que l’examen des filons comporte a leur avis. 
ans d i ront-i 5 : 
ee. ay ae penseront-ils que cette fagon de poser le probléme des filons prend un peu 
u Jay 4 VE 2 : A 5 
re d'un defi, en un combat d’ailleurs bien pacifique. Mais le Professeur Eskola lui-méme n’a-t-il 
oe id s . . 
pas Compare ironiquement les “* métamorphistes ’? aux enfants qui veulent rejeter l’eau de leur bain. 


Etant moi-meme un de ces enfants je proclamerai tout d’abord un certain droit 4 obtenir pour le bain 
une eau au moins claire. 


J’ajouterai en outre que le débat que je souhaite sur les filons donnera, je Pespére, aux avocats de 
Ecole magmatiste, l’occasion de nous expliquer d’autre faits qui se relient A la méme question. Je 
souhaite en particulier entendre une explication satisfaisante de la formation des cristaux isolés de 
feldspaths, identiques 4 ceux du granite et situés hors du granite, dans la roche encaissante. Je le 
souhaite d’autant plus que le Professeur Eskola cite le granite Rapakivi comme exemple de véritable 
granite magmatique ; n’est ce pas pourtant ce célébre granite dont les non-moins célébres cristaux 
de feldspaths zonés, situés dans le granite et hors du granite, ont donné lieu a tant de discussions? 

De plus en plus, vraiment, je songe a Vincrédulité du Duc de Wellington, si justement évoquée 
par H. H. Read. 

DISCUSSION 


L. GLANGEAUD demande si les questions posés a’un Congrés doivent étre déterminés dans le Congrés précédent. 
M. Glangeaud pense qu’il ne faut pas confondre le probléme de la granitisation avec le probleme complétement différent 
des intrusions plutoniques et hypabyssales. 

R. F. YOuELL (who had acted as Steward to the Meetings of Section B) said that Professor Roubault’s contribution 
and many of the papers read in Section B, especially that by Dr. Reynolds, seemed to show that geologists were now 
facing a problem similar to that which had faced chemists about fifteen or twenty years ago. It seemed that geologists 
were divided into two camps on the question of the formation of granite by the granitization of a more basic rock. Just 
so were chemists divided on the question of reactions between solids. One school, that of Hedvall and Jander, held that 
a reaction between two solids occurred by the diffusion of one into another without any melting. The other school, that 
of Balareff, held that a new solid could be formed only by the fusion of the constituents. The solid diffusion school were 
eventually proved correct. 

One such reaction was the silicification of periclase when surrounded by a mass of silica : 

MgO->Mg,SiO,—>MgsiO, ; 

this occurred at temperatures far below any possible eutectic melt. Recent work in the Chemistry Department of the 
Imperial College had confirmed the solid diffusion theory in this system, and slides belonging to Professor Brammall 
had shown the various stages of the process in action, so to speak. It was significant that most reactions of that type 
involved SiO, and silicates. It seemed possible that in large scale geological phenomena a similar process had been at 
work. Admittedly the masses concerned were far larger, but the time available was also correspondingly long. It seemed 
that granitization of basic rocks might, by analogy, be due to their being surrounded by a mass of silica-rich rocks, followed 
by solid diffusion until the original rock had its silica content raised to that required for granite. The formation of large 
crystals was possible, without formation of magma, by a sintering process. Problems of this type, on the borders of 
geology, physics and chemistry, provided an interesting study, and a higher degree of co-operation between the three 
sciences would certainly lead to fruitful results. Geologists had often to rely, willy-nilly, on chemical data, phase diagrams, 
etc., which were by no means reliably established. For example, recent work in the Chemistry Department referred 
to had indicated that the silica phase relations might be in error in several particulars. 


LE BATHOLITE GRANITIQUE DE DUVERNY 
(NOUVEAU QUEBEC, CANADA) 
ET SON CORTEGE DE ROCHES ASSOCIEES: CONTRIBUTION A L’ETUDE 
DES CARBONATITES 


Par E. BRUET 


France 


ABSTRACT 


Le batholite granitique est associé avec: granodiorites, micro-granites, basaltes, gabbros. Dans l’auréole, on 
observe d’abord une granulation métamorphique, puis une carbonatation des roches par la dolomite. Lorsque des 
dykes de carbonate sont coincés dans le granite vers sa périphérie, il y a pénétration de la dolomite dans le granite 
encaissant et la démolition des feldspaths améne notamment la formation d’albite néogéne. La biotite céde devant la. 
dolomite aprés le stade chlorite. Basaltes ou gabbros sont envahis par la dolomite. Les plagioclases sont corrodés et 
la dolomite prend place ala faveur de la saussuritisation des feldspaths dans la granodiorite et de louralitisation des 
pyroxénes dans les basaltes. 

Les greenstones de l’auréole sont touchés par la dolomitisation, suivant les synclinaux ou anticlimax. Dans les roches 
volcaniques anciennes, on voit de fin métacristaux de dolomite qui tendent a remplacer l’ancienne structure sans 
l’épigéniser ; les cristaux anciens et nouveaux n’ayant pas la méme orientation. Les métacristaux de dolomite sont des 
batonnets avec macles polysynthétiques, des rhomboédres ou des scalénoédres avec macles par accolement et par 
interpénétration. Tous apparaissent, par rapport a l’ancienne structure, comme des étoiles sur un fond nuageux. On 
s’efforce de déterminer 1’4ge des formations et on insiste sur le caractére deep seated des greenstones carbonatés. 


THE FINAL PETROLOGICAL CONSTITUTION OF THE GREEK METAMORPHIC ROCKS 
By GEORGE MARINOS 


Greece 


ABSTRACT 


The metamorphism of rocks in Greece started before the Alpine foldings and continued all through their duration. 
Parallel to this, successive granites of different types were emplaced. What is considered as regional metamorphism 
must have affected rocks of different geological ages even up to the Cretaceous flysch. During the foldings the already 
metamorphic rocks of the depths were folded and translocated to higher crustal levels. As a result they underwent a 
retrogressive metamorphism and a dynamic metamorphism, corresponding to which they were mineralogically and 
petrologically transformed. The associated older igneous rocks, basic and acid, underwent the same transformations. 
During sericitization and saussuritization, etc., of the plagioclase, large quantities of alkalies and silica were freed and 
became available for migration during the dynamic metamorphism. In this way concentrations of quartz in certain 
localities and the widespread occurrence of alkali-amphiboles (glaucophane, barroisite, etc.) can be accounted for. The 
post-tectonic granitic masses and most of the volcanoes of Neogene age are composed of rocks of granodiorite—diorite 
composition. 
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FORMATION DIAGENETIQUE DES MINERAUX “GRANITIQUES” DANS LES 
CALCAIRES 


Par C. SOROTCHINSKY 


Belgium 


ABSTRACT 


L’auteur décrit les constations nouvelles, faites durant une longue étude au microscope, a fort grossissement, des 


‘roches calcaires paléozoiques belges. Ces constatations semblent prouver que :— ? 


(1) Les roches granotoides peuvent se former a la place d’un calcaire, dans les conditions de diagenése normale ; les 
minéraux dits “‘ pneumatolithiques ’’ (notamment : quartz, feldspaths acides, micas, zircon, tourmaline, rutile et 
ilménite)—se forment au sein des tissus calcaires d’un animal. Ml est impossible de considérer ces minéraux comme 
détritiques ; d’autre part, la roche calcaire ne montre aucune influence pneumatolothique ou métamorphique, 
la calcit fibreuse, secretée par l’animal, n’étant pas encore récristallisée. 

(2) Le quartz en mosaique (typique des quartzites normaux du Paléozoique) se forme facilement a la place des 
organismes a test calcaire. La roche quartzitique supposée “‘ sedimentaire,” peut, en réalité provenir d’une 
substitution par le quartz néogéne d’une roche originellement calcaire. Nulle trace de cette substitution ne 
persiste dans la roche. 

(3) La séricite et la chlorite se forment aisément, dans les conditions de diagenése normale, a la place de n’importe 
quelle roche ancienne. Par conséquent, les roches schisteuses paléozoiques (schistes, phyllades, etc.) peuvent 
provenir d’une phyllitisation, assez récente—des roches originellement carbonatées, granitoides ou quartzitiques. 


131 


DATE DUE 


DEMCO 38-297 


be Pe } 
DS» wake See 
; Ses : 


- ee ites pest aajenh > sialiaiigas Sa 


> 
LIST OF THE PARTS OF THE REPORT OF THE EIGHTEENTH SESSION : 
Tart I. General Proceedings of the Session. F 
Part I. ‘Proceedings of Section A: Problems of Geochemistry. . : 
Part III. Proceedings of Section B: Metasomatic Processes in Metamorphism. F 
Part IV. Proceedings of Section C: Rhythm in Sedimentation. 3 
Part VV. Proceedings of Section D: The Geological Results of Applied Geophysics. a 
Part VI. Proceedings of Section E: The Geology of Petroleum. 3 j 
Part VII. Symposium and Proceedings of Section F: The Geology, Paragenesis and Reserves 
of the Ores of Lead and Zinc. ; 
ParT VHI. Proceedings of Section G: The Geology of Sea and Ocean Floors. . ‘ 
Part IX. Proceedings of Section H: The Pliocene-Pleistocene Boundary. : 
PART X. Proceedings of Section J: Faunal and Floral Facies and Zonal Correlation. } 
PART XI. Proceedings of Section K: The Correlation of Continental Vertebrate-bearing Rocks. 3 
Part XII. Proceedings of Section L: Earth Movements and Organic Evolution. a 
ParT XIII. Proceedings of Section M: Other Subjects. i 
(Also including meetings on the Geology and Mineralogy of Clays). ‘4 
ParT XIV. Proceedings of the Association des Services géologiques africains. x 
ParT XV. Proceedings of the International Paleontological Union. . 3 


